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EDTA 

From Wikipedia, the free encyclopedia. 

EDTA is the chemical compound ethylenediaminetetraacetic acid. EDTA or its disodium salt is 
a chelating agent, forming coordination compounds with most divalent (or trivalent) metal 

ions, such as calcium (Ca 2+ ) and magnesium (Mg 2 " 1 ") or copper (Cu 2+ ). 

Uses 

* Scavenging metal ions 

* Complexometric titrations 

* Buffer solutions 

* Determination of water hardness 

* Use as a water softener. 

« Used in medicine as a treatment for acute hypercalcemia and lead poisoning. 
« Used in medical and laboratory equipment as an anticoagulant. 

* Added to some processed foods and especially cosmetics as a preservative. 

* A somewhat controversial therapy, called chelation therapy has evolved around metal 
scavengers such as EDTA. 

* Used in dentistry as a root canal irrigant to remove compounds of organic and inorganic 
debris (smearlayer) 

s Used in photography as a component of bleach-fix used to disolve elemental silver 

produced during development, 
s Used as a soil conditioner to allow cacifuge plants to grow in base rich soils 

Use as an anticoagulant 

EDTA works as an anticoagulant by chelating all the calcium contained in blood. Calcium is 
needed for coagulation to occur; without calcium blood will not clot. The calcium levels below 
which clotting ceases are low enough to be lethal, so EDTA is only used as an anticoagulant 
outside the body; for instance in tubes of blood, and medical machinery. 

EDTA is contained in purple, lavender and pink Vacutainer (tubes that blood is taken in), and 
can be in the form of a powder, or a small amount of liquid, already in the tube. 

The sodium or potassium salts of EDTA (K EDTA, K EDTA, N a EDTA) are used in Vacutainer 
tubes. This means levels of these ions are increased, and detectable levels of calcium and 
magnesium are decreased. For this reason many clinical chemistry tests are not done using 
plasma from EDTA tubes. 

External links 



« pH-Spectrum of EDTA complexes {http://wwwAheoprax-research.com/pooLhtml) 
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DOCUMENT- IDENTIFIER : US 5519115 A 
** See image for Certificate of Correction ** 

TITLE: Reverse antimicrobial peptides 

Brief Summary Text (7) : 
Others have published information relating to the existence of antimicrobial 
peptides in plants or, in fact, the use of antimicrobial peptides to protect plants 
from plant pathogens. See, EPO 0,299,828; P. Casteels et al . , "Apidaecins : 
Antibacterial Peptides From Honeybees, 11 The EMBO J. 8, (1989), 2387-2391; F . 
Ebrahim-Nesbat et al . , "Cultivar-Related Differences in the Distribution of Cell- 
Wall-Bound Thionins in Compatible and Incompatible Interactions Between Barley and 
Powdery Mildew," Planta 179, (1989), 203-210. Most of this work centered upon the 
identification and use, either in plants or animals, of basically full-length 
natural antimicrobial peptides. 

Detailed Description Text (6) : 

While the term may have broader application to one or more entire families of 
antimicrobial peptides, antimicrobial peptides active against at least one pathogen 
and the term AMPP encompass: Magainin 1; Magainin 2; reverse magainins; PI and 
reverse PI; PGL.sup.c and reverse PGL.sup.c ; Cecropins including Cecropins A, B, 
and D and their reverse peptides, see H. G. Boman et al . , "On the Primary 
Structures of Lysozymers, Cecropins, and Attacins from Hyalophora cecropia, " 
Developmental and Comparative Immunology, 9, (1985), 551-558; Sarcotoxins and their 
reverse peptides; Bombinins and their reverse peptides, see A. Csordas and H. 
Michl, "Isolierung und Strukturauf klarung eines Hamolytisch wirkenden Polypeptides 
aus dem Abwehrsekret europaischer Unken, " Monat fur Chemie, 101, (1970), 182-189; 
XPF and its reverse peptide; Thionins and their reverse peptides; Defensins and 
their reverse peptides, see H. Vogel et al., "The Structure of Melittin in 
Membranes," Biophys. J., 50, (1986), 573-582; Melittins and their reverse peptides, 
see H. Vogel et al . , "The Structure of Melittin in Membranes," Biophys. J., 50, 
(1986), 573-582; and other equivalent peptides and functional derivatives thereof. 

Detailed Description Text (25) : 

In accordance with the present invention, RAMPPs can be produced which have the 
identical but reversed sequence of peptides including reverse Magainin 1 (SEQ ID 
NO. 9), reverse Magainin 2 (SEQ ID NO. 10), reverse PI (SEQ ID NO. 13), reverse 
Cecropin A (SEQ ID NO. 14), as well as reverse PGL.sup.c (SEQ ID NO. 7), and 
reverse forms of other Cecropins, Sarcotoxins, Bombinins, XPF, Thionins, Defensins, 
Melittins, and like antimicrobial peptides. * 

Detailed Description Text (32) : 

Other peptide monomers useful in accordance with the present invention are Magainin 
1 having a structure of (SEQ ID NO. 1), Magainin 2 having a structure of (SEQ ID 
NO. 2), PI having a structure of (SEQ ID NO. 6), PGL.sup.c having a structure of 
(SEQ ID NO. 7), Cecropins such as Cecropin A having a structure of (SEQ ID NO. 8), 
Sarcotoxins, Bombinins, XPF, Thionins, Defensins, Melittins, and like antimicrobial 
peptides . 

Detailed Description Text (160) : 

Any cleaved and deprotected oligonucleotides prepared by methodology drawn from the 
preferred choices above can be purified by one or more of several methods known in 
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,~ the art. These purification techniques include but are not limited to polyacrylamide 
polyacrylamide gel electrophoresis, agarose gel electrophoresis, size exclusion 
chromatography, affinity chromatography, high performance liquid chromatography and 
hydrophobic interaction chromatography. The preferred method is selected from the 
group of purification techniques which consists of polyacrylamide gel 
electrophoresis, high performance liquid chromatography and hydrophobic interaction 
chromatography. One such preferred method is polyacrylamide gel electrophoretic 
purification of oligonucleotides, lacking a dimethoxytrityl moiety on the 5' 
terminus, on a vertical 12% polyacrylamide slab gel, 20 . times . 40 . times . 0 . 08 cm, in 
7M urea, 90 mM Tris-HCl, pH 8.3, 90 mM borate, 1-2 mM disodium 

ethylenediaminetetraacetic acid (EDTA) . A portion of each oligon ucleot ide to be 
purified (0.3-3.0 A. sub. 260 units) is evaporated to dryness under vacuum, 
resuspended in formamide :! mM disodium EDTA (greater than 9:1) containing at least 

0. 01% bromophenol blue and at least 0.01% xylene cyanol, heated 2-3 minutes in a 
boiling water bath, quickly placed in an ice slurry and then loaded in an 
individual well (at least 6 mm in width). The sample (s) is electrophoresed at 80-90 
W towards the anode until the bromophenol blue has migrated at least two-thirds the 
length of the polyacrylamide gel. The full-length oligonucleotides are then 
visualized by placing the polyacrylamide gel on a piece of flexible, clear plastic 
wrap such, as Saran Wrap, placing it on top of a thin layer chromatography plate 

(e.g. /Silica Gel F-254; Fisher Scientific Company, Pittsburgh, Pa.) containing a 
fluorescent indicator compound and examining the polyacrylamide gel under short 
wavelength ultraviolet light illumination. The full-length band material is then 
excised in polyacrylamide and can be purified out of the gel by various methods 
such as electroelution or simple diffusion in buffer. The preferred method of 
extraction is diffusion into 0.5 mL of 0 . 3M sodium acetate, pH 7.5, overnight with 
shaking and successive extractions of the aqueous phase with phenol : chloroform 

(1:1, v:v) and ethanol precipitation. The precipitated oligonucleotide can then be 
resuspended in an appropriate volume (usually in the range of 10-1000 microliters) 
of a suitable buffer such as 10 mM Tris-HCl, pH 7.5, 1 mM disodium EDTA or in 
sterile distilled water and stored at -20. degree. C. See unit 2.12, "Purification 
of oligonucleotides using denaturing polyacrylamide gel electrophoresis," in 
Current Protocols in Molecular Biology, F. M. Ausubel et al . , Eds., (1989). 

Detailed Description Text (260) : 

In order to obtain an enriched chloroplast fraction, about 12 g of deribbed spinach 
leaves were thoroughly washed and surface dried. The leaves were then cut into 
small pieces, each about 1/2 inch square, and were placed in a small blender jar 
containing 50 mL of chilled homogenization medium (0.33M sorbitol, 50 mM Hepes- 
NaOH, pH 6.8, 2mM Na.sub.2 EDTA, 1 mM MnCl.sub.2, 1 mM MgCl.sub.2). The tissue was 
blended twice for three second intervals on high speed in a blender. The resulting 
homogenate was filtered through four layers of cheesecloth and two layers of 
miracloth (Behring Diagnostics, La Jolla, Calif . ) into two chilled 30 mL glass 
centrifuge tubes. The filtered solution was centrifuged for 1.0 minute at 750 g 
(2,200 RPM) in a JS 13.1 swinging bucket rotor in a Beckman J2-21M centrifuge 
(Beckman Instruments, Inc., Somerset, N.J.). The supernatant was then decanted and 
the pellet was gently resuspended by swirling at 0. degree. C. About 15 mL of 
homogenization medium was added to each tube of chloroplasts before the 
chloroplasts were layered onto a 40% Percoll gradient (6 mL Percoll, 9 mL 
homogenization medium, and 0.03 g bovine serum albumin) in a 30 mL glass centrifuge 
tube. These tubes were centrifuged for 4.0 minutes at 2500 g (4000 RPM) in a JS 
13.1 swinging bucket rotor in a Beckman J2-21M centrifuge. The supernatant was 
removed and the resulting pellet was resuspended in a small amount of 
homogenization medium (about 500 microliters) . 

CLAIMS : 

1. A compound comprising a peptide which is a reverse antimicrobial peptide active 
against at least one microbial pathogen, said peptide having at least about an 
equal degree of resistance to proteolytic degradation when compared to a peptide of 
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£he identical sequence in the opposite order and wherein said reverse antimicrobial 
peptide is selected from the group consisting of reverse Magainins, reverse 
PGL.sup.c, reverse Pi's, reverse Cecropins, reverse Sarcotoxins, reverse Bombinins, 
reverse XPFs, reverse Thionins, reverse Defensins, reverse Melittins, and reverse 
PGL . sup . a . 

19. The composition of claim 1 wherein said reverse antimicrobial peptide is a 
reverse Thionin . 
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Summary 

A photogalvanic cell, using thionine as a photosensitizer and EDTA as 
a reductant, was used for solar energy conversion. The photocurrent and 
photopotential generated by this cell were 80 ixA and 900 mV respectively. 
The effect of various parameters on the electrical output of the cell was 
studied. Current-voltage characteristics of the cell were also investigated and 
a tentative mechanism for the generation of photocurrent in the photo- 
galvanic cell was proposed. 



1. Introduction 

Rideal and Williams [1] discovered the photogalvanic effect in 1925, 
but it was systematically investigated by Rabinowitch [2]. Later, this type 
of work was carried out by various researchers [3 - 12] all over the world. 
Various problems encountered in the development of this field of research 
have been discussed by Hoffman and Lichtin [13]. The theoretical conver- 
sion efficiency of a photogalvanic cell is about 18% [14], but the observed 
conversion efficiencies are quite low. This may be due to back electron 
transfer, low stability of dyes, aggregation of dye molecules around the 
electrode, etc. 

A critical survey of the literature reveals that different photosensitizers, 
such as proflavin [15], thionine [16], riboflavin [11], methylene blue [17, 
18], brilliant cresyl blue [19], etc., have been used in photogalvanic cells. 
However, the use of thionine in photogalvanic cells for solar energy conver- 
sion has not been investigated. Therefore in this work we report the results 
of a study on the use of the thionine-EDTA system in photogalvanic cells 
for solar energy conversion. 
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2. Experimental details 

Thionine (Th) (Rideal), sodium hydroxide (SM) and EDTA disodium 
salt ('EM'GR) were used in this work. Doubly-distilled water was used to 
prepare all the solutions. A mixture of solutions of thionine, sodium hydro- 
xide and EDTA was placed in an H-shaped glass ceU. A platinum electrode 
(1 0 cm X 1.0 cm) was dipped in one limb of the cell and a saturated calomel 
electrode (SCE) in the other. The limb containing the platinum electrode 
was exposed to a 200 W tungsten lamp (Sylvania) and the limb containing 
the SCE was kept in the dark. A water filter was used for cutting out thermal 

radW The' photochemical bleaching of thionine was studied potentiometri- 
cally The photopotential and photocurrent generated by the system Th/ 
EDTA/OH-//IP were measured with a digital pH meter (Systromc, model 
335) and multimeter (Systronic, model 435) using Pt-SCE and Pt-Pt elec- 
trode systems respectively. The I-V characteristics of the ceU were observed 
using an external load (log 500 K) in the circuit. 



3. Results and discussion 

3 1 Effect on pH on electrical output of the cell 
' ' The effect of variation in pH on photopotential and photocurrent was 
studied and the results are given in Table 1. 



TABLE l 

Variation in pH ([EDTA] = 8.40 X 10~< M; [thionine] = 1.47 x 10" 4 M; intensity = 10.4 
mW cm" 2 ; temperature = 303 K) 



PH 


Photopotential 
(mV) 


Photocurrent 
(MA) 


10.9 
11.1 
11.3 
11.6 
11.7 


713.0 
810.0 
900.0 
842.0 
798.0 


54.0 
60.0 
80.0 
71.8 
62.0 



The electrical output of the cell increases with an increase in pH, 
reaching a maximum at pH 11.3. Further increase in pH results ^ a decrease 
in the electrical output. The pH at the optimum condition is related to the 
r>K a value of the reductant; the desired pH is higher than the pK a value 
(pH > pK a ). This may be explained by the fact that the reductant is available 
in its anionic form, which is its better donor form. 
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3.2. Effect of reductant concentration 

The dependence of the electrical output of the cell on the concentra- 
tion of reductant was observed and the results are summarized in Table 2. 



TABLE 2 

Variation in EOTA concentration ([thionine] = 1.47 X 10~ 4 M; pH 11.3; temperature = 
303 K; intensity = 10.4 mW cm" 2 ) 



[EOTAl 
(X1<T 4 M) 


Photopotential 
(roV) 


Photocurrent 
tt*A) 


6.90 


597.0 


34.0 


7.40 


645.0 


42.0 


8.00 


886.0 


72.0 


8.40 


900.0 


80.0 


8.80 


873.0 


64.0 


9.30 


709.0 


46.0 



A low output is obtained for the lower concentrations of EDTA be- 
cause a smaller number of reductant molecules are available for election 
donation to dye molecules. The higher concentrations of reductant also 
result in a fall in electrical output because the large number of reductant 
molecules may hinder the dye molecules from reaching the electrode within 
the desired time limit. 

3.3. Effect of variation in dye concentration 

The electrical output of the cell is affected by the variation in dye 
concentration. The results are reported in Table 3. 



TABLE 3 

Variation in concentration of thionine ([EDTA] = 8.40 X 10" 4 M; pH 11.3; tempera- 
ture = 303 K; intensity = 10.4 mW cm" 2 ) 



[Thionine] 
(xl<r 4 M) 


Photopotential 
(mV) 


Photocurrent 
(MA) 


0.85 


685.0 


52.0 


1.00 


742.0 


63.0 


1.30 


804.0 


72.0 


1.47 


900.0 


80.0 


1.75 


816.0 


74.0 


2.00 


765.0 


68.0 


2.24 


699.0 


61.0 



It is clear from the table that electrical output of the cell decreases with 
a decrease in dye concentration because a smaller number of dye molecules 
are available for excitation and subsequent donation of the electrons to the 
platinum electrode. However, the larger concentrations of dye also result 
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in a fall in power output as the intensity of the light reaching the dye mole- 
cules near the electrode decreases after absorption of the major portion of 
the light by dye molecules present in the path. 

3.4. Effect of diffusing path length 

H cells of different dimension were used to study the effect of variation 
in diffusing path length on the current parameters of the cell (/„,ax, and 
initial rate of generation of current). The results are given in Table 4. 



TABLE 4 

Variation in diffusing path length [thionine] = 1.47 X 10 -4 M; [EDTA] = 8.40 X 10 -4 M; 
intensity = 10.4 mW cm" 2 ; pH 1 1 .3 ; temperature = 303 K) 



Diffusing 
path length 
(mm) 


Maximum 

photocurrent 

(PA) 


Equilibrium 
photocurrent 1^ 
(UA) 


Rate of initial 
generation of current 
(MA min -1 ) 


30.0 


85.0 


81.0 


6.8 


35.0 


87.0 


80.0 


7.2 


40.0 


90.0 


80.0 


7.5 


45.0 


92.0 


79.0 


7.8 


50.0 


95.0 


80.0 


7.9 



There is a sharp increase in photocurrent in the first few minutes of 
Ulumination, followed by a gradual decrease to a stable value 7 eq . This type 
of photocurrent behaviour indicates an initial rapid reaction followed by a 
slow rate-determining step at a later stage. 

On the basis of the effect of diffusing path length on the current 
parameters of the cell [7], it may be concluded that the leuco and semi- 
reduced forms of the dye and the dye itself are the main electrode-active 
species at the illuminated and dark electrodes respectively. However, the 
reductant and its oxidized products behave as the electron carriers in the cell 
diffusing through the path. 

3.5. Effect of electrode area and temperature 

The value of / max increases with an increase in electrode area, but its 
effect on 7 eq is negligibly small. The photopotential decreases with an 
increase in temperature, whereas the photocurrent increases with an increase 
in temperature. The increasing photocurrent with increasing temperature 
may be due to the decrease in the internal resistance of the cell at higher 
temperatures. The increase in photocurrent results in a corresponding de- 
crease in photopotential. The rapid decrease in potential can be compensated 
by the corresponding increase in photocurrent and the power of the cell is 
enhanced to the same extent. 
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3.6. Current-voltage (I-V) characteristics, conversion efficiency and perfor- 
mance of the cell 

The open circuit voltage V oc and short circuit current /« were measured 
using a digital pH meter (keeping the circuit open) and multimeter (keeping 
the circuit closed). The current and potential values in between these two 
extremes (V oc and / M ) were recorded with the help of a carbon potentio- 
meter (log 500 K) connected in the circuit of the multimeter through which 
an external load was applied. m 

It was observed that the I-V curve of the cell deviates from its ideal 
regular rectangular shape. A point in the I-V curve called the power point 
is determined where the product of the current and potential is at a maxi- 
mum. The values of current and potential at the power point are represented 
as / P p and V pp respectively. The fill factor and conversion efficiency of the 
cell are 0.36 and 0.2802% respectively. 

The performance of the ceU was studied by applying an external load, 
which is necessary to obtain the current and potential at the power point, 
after remowing the source of light. It was observed that the cell can be used 
in the dark at its power point for 49 min. A photovoltaic cell cannot be used 
in the dark even for 1 s; therefore the photogalvanic system (Th-EDTA) has 
an additional advantage in that it can be used in the dark. 

3.7. Mechanism , _ A . 
On the basis of the results obtained, the mechanism of photocurrent 

generation in the photogalvanic cell can be represented as follows. 

Illuminated chamber 

Th — "Th* 

Th* + EDTA — ► Th" + EDTA* (OxR) 

At Pt electrode 

Th" — ► Th + e" 

Dark chamber 
At electrode 

Th + e" — "Th" 

Th +OxR — ►Th + R 

Th, Th", R and OxR are thionine, its leuco form, reductant EDTA and 
its oxidized form respectively. 
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Abstract Antimicrobial peptides (So-Dl-7) were isolated from 
a crude cell wall preparation from spinach leaves (Spinacia 
oleracea cv. Matador) and, judged from their amino acid 
sequences, six of them (So-D2-7) represented a novel structural 
subfamily of plant defensins (group IV). Group- IV defensins 
were also functionally distinct from those of groups 1-111. They 
were active at concentrations < 20 uM against Gram-positive 
(Clavihacter michiganensis) and Gram-negative (Ra/stonia 
solanacearum) bacterial pathogens, as well as against fungi, 
such as Fusarium culmorum^ F. solani, Bipolaris maydisy and 
Colletotrichum lagenarium. Fungal inhibition occurred without 
hyphal branching. Group-lV defensins were preferentially 
distributed in the epidermal cell layer of leaves and in the 
subepidermal region of stems. 

© 1998 Federation of European Biochemical Societies. 

Key words: Antimicrobial peptide; innate immunity; 
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1. Introduction 

Defensins are among the best characterized cysteine-rich 
antimicrobial peptides in plants (see [1,2] for a review). All 
known members of this family have 4 disulfide bridges and are 
folded in a globular structure that includes three P-strands 
and an a-helix [3,4]. This structure resembles that of antimi- 
crobial defensins from insects [5,6]. Inhibition of fungal 
growth by plant defensins seems to occur by permeabilization 
of the plasma membrane through binding to a putative recep- 
tor [7,8]. 

Genes encoding plant defensins are developmentally regu- 
lated, with a predominant expression in outer cell layers [9- 
11], and can be induced above basal levels in response to 
pathogen infection and other stresses [10-14]. Additionally, 
certain defensin genes are down-regulated by some pathogens 
[10]. Gene expression patterns of defensins are thus consistent 
with a hypothetical role in plant defense [1,2]. The observation 
of enhanced tolerance (reduced lesion area) to the fungus 
Alternaria longipes in transgenic tobacco overexpressing a rad- 
ish plant defensin (Rs-AFP2) further supports this hypothesis 
[11]. 

Known defensins have been classified into three groups or 
subfamilies [1,2,8,13,15], based on structural and functional 
considerations : group I includes defensins that inhibit growth 
of Fusarium culmorum and cause increased hyphal branching; 
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group II includes those that inhibit the fungus but do not 
cause hyphal branching; and group III, those that are inactive 
against the tested fungi. Apart from highly conserved amino 
acid residues that are common to all three subfamilies, there 
are residues that are conserved only in one or two of them, 
which allows to discern a closer relationship between groups 1 
and II than between any of these and group III. 

We report here six new defensins isolated from crude cell 
wall preparations from spinach leaves which represent a novel 
defensin subfamily (group IV), both in structural terms and in 
its pathogen specificity. Defensins of this new type coexist 
with those of group 111 in the same tissue. 

2. Materials and methods 

2.1. Purification and analysis of proteins 

Spinach, Spinacia oleracea cv. Matador, was used in this study. 
Frozen leaves (20 g) were ground to powder in liquid nitrogen, using 
a mortar and pestle, and extracted once with 80 ml buffer (0.1 M Tris- 
HC1, 10 raM EDTA, pH 7.5) and twice with 80 ml of H 2 0. The 
resulting pellet was then extracted with 50 ml 1.5 M LiCl at 4°C 
for 1 h, and the extract dialyzed against 5 1 H 2 0, using a Spectra/ 
Por 6 (MWCO: 3000) membrane, and freeze-dried [16]. The extract 
was fractionated by reverse-phase HPLC (RP-HPLC) as previously 
described [16]. The proteins were subjected to SDS-PAGE in pre- 
formed gradient gels (4-20%; Bio-Rad) according to the manufactur- 
ers instructions. MALDI mass spectrometry of proteins was done in 
a Voyayer Biospectrometry Workstation (PerSeptive Biosystems) us- 
ing o>cyano-4-hydroxycinnamic acid (Aldrich) as matrix. Amino acid 
sequencing of intact proteins or of chymotryptic peptides was done by 
automated Edman degradation. Detection of. proteins by Western-blot 
and by the tissue-print technique was done as previously described 
using an 1 :500 dilution of the So-D2-7 antiserum [17]. 

2.2. Pathogen inhibition tests 

Inhibition tests were carried out as previously described [16] and 
hyphal branching of Fusarium culmorum was investigated as indicated 
by Broekaert et al. [18]. The following microbial strains were used: 
bacterial pathogens Clavihacter michiganensis subsp. sepedonicus 
strain C5, Ralstonia solanacearum strain P2; and fungal pathogens 
Fusarium solani strain 1, and Trichoderma viridae from the ETSIA 
collection (Madrid, Spain), and Septoria nodorum, Bipolaris maydis y 
Colletotrichum lagenarium and Fusarium culmorum from the collection 
of Novartis (NC, USA). 

3. Results 

3.1. Purification of spinach defensins 

A crude cell wall preparation from spinach leaves was ob- 
tained as previously described [16,19,20] and bound proteins 
were extracted with 1.5 M LiCl. The extract was fractionated 
by RP-HPLC as shown in Fig. 1A and the fractions screened 
for antibacterial activity at 100 ^ig/ml. Homogeneity of active 
fractions was tested by SDS-PAGE and by RP-HPLC, using a 
less steep gradient. All active fractions were homogeneous 
according to these two criteria, except for the fraction desig- 
nated (2-5) in Fig. 1A that yielded 4 homogeneous compo- 
nents upon rechromatography (Fig. 1B,C). The purified pro- 
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teins, So-Dl-7, also appeared homogeneous when subjected to 
MALDI mass spectrometry analysis and to N -terminal amino 
acid sequencing. A gene-bank search indicated that all of 
these proteins were homologous to previously reported plant 
defensins and a comparison of all known sequences showed 
that six of the new proteins, So-D2-7, appeared to represent a 
new defensin subfamily, whereas protein So-Dl belonged to 
the previously proposed group III (Fig. 2A,B). The complete 
amino acid sequence of So-D2 was determined after chymo- 
tryptic digestion and the MW calculated from this sequence 
(5804 Da) was within 1 Da of that directly determined by 
MALDI mass spectrometry. The new group is structurally 
closer to group 111 than to groups 1 and II, but shows diver- 
gence from group III at the N -terminal half, including a 
5 -residue extension. Some common amino acid residues are 
shared by defensins of groups I and II with drosomycin, a 
defensin from the insect Drosophila melanogaster [6], and by 
those of groups III and IV with tenecin, a defensin from the 
insect Tenebrio molitor [22]. 

3.2. Distribution of group-IV defensins in the plant 

Rabbit antiserum raised against protein So-D2 recognized 
proteins So-D2-7 and did not significantly bind protein So-Dl 
(Fig. 3). Using this antiserum, group-IV defensins were de- 
tected in spinach leaves and stems (not in roots) at concen- 
trations that were in the range of 1-3 |imol/kg of fresh weight 
in the homogenized proteins (Fig. 3). As shown by tissue-print 
analysis, the distribution of the proteins in these tissues was 
peripheral, as they were at higher concentrations in the epi- 
dermal cell layer of leaves and occupied a wide subepidermal 
band in stems (Fig. 4). The actual concentrations in the de- 
position sites are probably up to 10-fold higher, well above 
the concentrations required for inhibition in vitro. As judged 
from the tissue prints of young and mature leaves (Fig. 4B,C), 
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Fig. 1. Purification of spinach defensins. A: RP-HPLC fractionation 
of the 1.5-M LiCl extract from a crude cell-wall preparation from 
spinach leaves. The gradient used was H^O (0.1% trifluoroacetic 
acid)-2-propanol, linear 0-30% for 180 min, 30-50% for 15 min. 
B : RP-HPLC separation of fractions from A. Same conditions, ex- 
cept that gradient was linear 0-30% for 360 min. C: Separation by 
SDS-PAGE of the indicated purified proteins. Molecular mass 
markers (MW) were the multi-colored standard mix from Novex. 

the protective defensin shield seems to be present throughout 
the life of this organ. This type of distribution is common to 
other defensins and antimicrobial peptides from plants [1], 
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Fig. 2. Alignment of defensin amino acid sequences. A: So-D 1-7 defensins. Black horizontal bar indicates the N-terminal extension of group- 
IV defensins. Highly conserved residues that are relevant for the classification are shaded. B: Comparison of amino acid sequences of defensin 
groups I-IV. Highly conserved residues that are relevant for the classification (conserved in non-represented, known members of each type) are 
shaded (black or grey). Residues conserved across all groups are indicated by stars (*). Representative defensin sequences for each group have 
been taken from the indicated references: Rs-AFP2 [11]; At-AFPl [14]; Hs-AFPl, Ah-AMPl and Dm-AMPl [15]; St-PTHl [10]; and SIo2 
[21]. 
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Fig. 3. Western-blot analysis of spinach defensins. So-D2 (1 ug), 
SO-D1 (1 jig) and total protein extracts from 50 mg of fresh tissue 
from roots (R), leaves (L) and stems (S). Quantitation by densitom- 
etry of Western-blot bands indicates concentrations of defensins of 
3 u\moI/kg fresh leaves and 1 umol/kg fresh stems. 



5.5. Antimicrobial properties of group-IV defensins 

Inhibitory properties of group-IV defensins (So-D2,6,7) 
were compared with those of two type-Ill defensins (So-Dl; 
St-PTHl) and of Ta-THa thionin (Table 1). Spinach defensins 
of groups ill and IV were similarly active against the bacteria 
tested, whereas only those of type IV were active against Fu- 
sariwn spp. Inhibition of F. culmorum occurred without hy- 
phal branching and was abolished when salt (1 mM CaCl 2 + 
50 mM KC1) was added to the medium. Other fungi, such as 
Colletotrichum lagenarium (EC50 = 1 1 uM) and Bipolaris may- 
dis (EC50 = 6 nM) were also found to be sensitive to So-D2, 
whereas growth of Trichodema viridae and Septoria nodorum 
was not affected at So-D2 concentrations of up to 20 uM. 





liill 



4. Discussion 



We have isolated six new peptides from spinach (So-D2-7) 
that represent a novel defensin subfamily, as well as one (So- 
Dl) which belongs to the previously described group ill of 
defensins [15]. The new group is structurally closer to group 
111 than to the other two groups, but shows significant diver- 
gence with respect to group 111 at the N -terminal half of the 
molecule. Of particular interest is a 5 -residue N-terminal ex- 
tension (G1FSS in So-D2) that is present in group-IV and 
absent in group-Ill defensins. An unrelated amphibian defen- 
sin, esculentin from Rana esculentum, has the sequence GIFS 
at the N terminus [23] and a similar difference is shown by 
two groups of brevinins, the defensins from Rana brevipoda 
porsa [24]; i.e. brevinins 1 and 2 lack an extension that is 
present in brevinins IE and 2E (GLLDSLKG and 
G1MDTLKN, respectively). 

Inhibitory properties of group-i V defensins are summarized 
and compared with those of the other groups in Table 2. 
Members of this subfamily are characterized by their ability 
to inhibit the test fungus F. culmorum, without causing multi- 
ple budding and swelling of germ tubes and hyphae, as well as 



Fig. 4. Tissue-print localization of group-IV defensins from spinach. 
A: Stem; B: young leaves; C: older leaves. Equivalent sections 
were stained with immune serum (i), preimmune serum (p) and ami- 
do black (c). 



both Gram-positive (Clavibacter michiganensis) and Gram- 
negative (Ralstonia solanacearum) bacterial pathogens. This 
means that group-IV defensins resemble those of group II in 
their antifungal activity and those of group 111 in their anti- 
bacterial activity. The evolution of this peptide family seems 
to be congruent with its defense role, as the observed struc- 
tural and functional divergence could have been driven, at 
least in part, by different challenges represented by the main 
pathogens of the different plant species. The coexistence of 
defensins belonging to different subfamilies in the same tissue, 



Table 1 

Inhibition of bacterial and fungal plant pathogens by spinach defensins (So-D 1,2,6,7), potato defensin (St-PTHl) and wheat thionin (Ta-THa) 



Pathogen 



Protein (EC 50 , uM) a 



So-D 



St-PTH 



Ta-TH 



1 



Bacteria 














C. michiganensis 


1 


1 


1 


0.1 


0.2 


1 


R. solanacearum 


15 


2 


6 


1 


3 


1 


Fungi 














F. culmorum 


NA 


0.2 






NA 


0.3 


F. solani 


NA 


11 


11 


9 


7 


10 


Trichodema viridae 


NA 


NA 






NA 


5 



H EC 50 = effective concentration for 50% inhibition; NA, not active at concentrations <20 uM 
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Table 2 

Inhibitory properties of defensin subfamilies 



Pathogen type 



Subfamily 



I* 



IP 



in* rv 



Bacteria 

Gram+ (EQ 0 < 20 uM) 
Gram- (EC 50 < 20 uM) 

Fungus 

F.culmorum (EC S0 < 20 uM) 
Hyphal branching 



+ 

+ 



+ 
+ 



+ 



"See [8] and Table 1. 

as is reported here, represents a way to achieve a broader 
antimicrobial barrier in that tissue. 

Structure-activity relationships have been investigated in the 
type-1 defensin Rs-AFP2 by site-directed mutagenesis [8]. It is 
to be noted that, out of 1 1 positions at which a mutational 
change produced a significant decrease in the activity of this 
peptide, only two are conserved in So-D2, namely a T at 
position 10 and a P at position 50. Furthermore, the change 
Y -* G at position 38 inactivated Rs-AFP2, whereas a G is at 
that position in So-D2. All these differences would be consis- 
tent with the hypothesis of Broekaert and coworkers [1,8], 
which postulates the existence of more than one mechanism 
of action among the different defensin groups. Thus, residues 
that are essential for the activity of group-I defensins would 
not be necessarily required for activity in groups II and IV. 
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By "plant defensin genes", is intended genes that are structurally related to plant defensins, and include 
thionins, small cysteine-rich peptides, proteinase inhibitors, amylase inhibitors, and the like. They are 
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nematodes. Any one defensin exhibits a spectrum of antimicrobial activity that may involve one or more 
antibacterial, antifungal, antiviral, insecticidal, antinematocidal, or antipathogenic activities. They may 
also be useful in regulating seed storage protein turnover and metabolism. 
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pH 8.0, 1 mM EDTA. and 0. 1 M dithiothreitol. After shaking for two hours at low speed on an orbital 
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transgenic tobacco expressing a barley .alpha.-thionin has increased resistance to Pseudomonas bacterial 
pathogens (Carmona et al, 1993, Plant J, 3(3):457-462); transgenic tobacco expressing a bean chitinase 
has increased resistance to the fungal pathogen Rhizoctonia solani (Broglie et al, 1991, Science, 
254:1194-1197). 
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The Ac-AMPs are potent inhibitors of all fourteen fungi tested in this study. Their specificity is 
comparable to that of wheat thionin which also typically inhibits fungal growth with IC.sub.50 values 
between 1 and 10 .mu.g/ml (Cammue et al, 1992, J Biol Chem, 267, 2228-2233). Relative to Chitin- 
binding Plant Proteins, such as the netde lectin or chitinase, the Ac-AMPs have much higher specific 
activities. The nettle lectin only inhibits 6 out of 1 1 fungi at concentrations below 100 .mu.g/ml, whereas 
at this concentration the pea chitinase is only inhibitory to 1 out of 7 tested fungi. 

Detailed Description Text (115): 

When added at up to 500 .mu.g/ml to either cultured human umbilical vein endothelial cells or human 
skin-muscle fibroblasts, neither Ac- AMP 1 nor Ac-AMP2 affected cell viability after 24 h of incubation. 
In contrast, .beta.-purothionin administered at 50 .mu.g/ml decreased the viability of both cell types by 
more than 90%. 
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A crystalline acid, C 10 H 16 N 2 O g , that acts as a strong 

chelating agent. The sodium salt of EDTA is used as 
an antidote for metal poisoning, an anticoagulant, and 
an ingredient in a variety of industrial reagents. 
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Source : The American Heritage® Dictionary of the English 
Language, Fourth Edition 
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EDTA (ede-te-a) 

A?. 

Ethylenediaminetetraacetic acid; a crystalline acid that 
acts as a strong chelating agent and that forms a sodium 
salt used as an antidote for metal poisoning and an 
anticoagulant. 
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Dictionary 
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Main Entry: EDTA 
Pronunciation: "E-"dE-"tE- 'a 
Function: noun 

: a white crystalline acid C 10 H 16 N 2 Og used especially as a 

chelating agent and in medicine as an anticoagulant and in the 
treatment of lead poisoning called also 
ethylenediaminetetraacetic acid 



Source : Merriam-Webster Medical Dictionary, © 2002 
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Leaf thionins of barley have been identified as a 
novel class of cell wall proteins, toxic to plant patho- 
genic fungi, and possibly involved in the defense mech- 
anism of plants (Bohlmann, H. , Clausen, S., Behnke, 
S., Giese, H., Hiller, C, Reimann-Philipp, U., 
Schrader, G., Barkholt, V., and Apel, K., (1988) 
EMBO J. 7, 1559-1565). In the present work a second 
subfraction of thionins has been detected within the 
leaf cell, mainly in the vacuole. Thionins of both groups 
are closely related to each other. They are toxic to 
phytopathogenic fungi as well as to plant protoplasts, 
they share similar amino acid sequences, and their 
synthesis in etiolated seedlings of barley is down-reg- 
ulated by light. Despite these similarities each of the 
two subfractions of thionins could be clearly distin- 
guished by its subcellular distribution. In ultrathin 
sections of embedded etiolated leaf material, cell wall 
thionins could be immunogold labeled specifically by 
an antiserum raised against a fusion protein of Esche- 
richia coli 0-galactosidase and the 15,000 M r precur- 
sor polypeptide of thionins. This antiserum did not 
react with intracellular thionins. Inversely, intracel- 
lular thionins were recognized specifically by an anti- 
serum raised against soluble leaf thionins. The possible 
function of intracellular thionins as part of a defense 
mechanism has been discussed. 



Plants contain a variety of constitutive and inducible mech- 
anisms for protecting themselves against infections by viruses, 
bacteria, and fungi (1, 2). Included among these defense 
mechanisms are the accumulation of low molecular weight 
lipophilic compounds such as constitutive inhibitins (3) and 
inducible phytoalexins (4), the reinforcement of the cell wall 
through the synthesis of lignin-like materials (5), or the 
deposition of callose (1, 6). Also included are certain proteins, 
e.g. peroxidases (7), proteinase inhibitors (8), chitinases, and 
0-1, 3-glucanases (9-12), and hydroxyproline-rich glycopro- 
teins (13) that accumulate to high concentrations in plants in 
response to infections and other stresses. In most cases there 



* This work was supported by the Deutsche Forechungsgemein- 
schaft, the Kultusministerium des Landes Schle&wig-Holstein, and 
the Fonds der Chemischen Industrie. The amino acid sequencing 
work was supported by the Carlsberg Laboratory and the Teknolo- 
gistryelsen of the Danish Ministry of Technology. The costs of 
publication of this article were defrayed in part by the payment of 
page charges. This article must therefore be hereby marked "adver- 
tisement" in accordance with 18 U.S.C. Section 1734 solely to indicate 
this fact. 

Ii To whom reprint requests should be addressed. 



is no direct evidence that these substances actually inhibit 
growth of a pathogen in an infected plant, but their induci- 
bility and in vitro activities make this an attractive possibility. 

Recently we have detected leaf thionins, a novel class of 
highly abundant low molecular weight polypeptides with an- 
tifungal activity, which are present in cell walls of barley 
leaves (14, 15). The toxicity of these thionins for plant patho- 
genic fungi, their localization, and the fact that their synthesis 
can be triggered by pathogens strongly suggested to us that 
cell wall thionins are plant proteins possibly involved in the 
mechanism of plant defense against microbial infection (15, 
16). In the present report we describe a closely related second 
subfraction of thionins which is localized within the leaf cell 
mainly in the vacuole. The possible function of these intra- 
cellular thionins as part of a defense mechanism will be 
discussed. 

EXPERIMENTAL PROCEDURES 

Materials— Barley (Hordeum vulgare L., cv. Carina) plants were 
grown in the dark on moist vermiculite at 25 *C for 5 days. Plants 
were illuminated for different lengths of time as indicated in the 
figure legends with white light (fluorescent tubes, 8000 lux). Experi- 
ments with dark-grown plants were carried out under a dim green 
safelight. Most of the chemicals used were from Merck. Na^SOi (0.9- 
1.5 TBq/mg) was obtained from Amersham Buchler (Braunschweig). 
A Bio-Rad high performance hydroxylapatite column (100 X 7.8-mm) 
was used for HPLC, 1 Ion exchange chromatography was carried out 
on carboxymethyl-cellulose CM-22 (Whatman). 

Purification of Thionins— Intracellular, soluble thionins were iso- 
lated from total leaf homogenates. 10 g of etiolated barley leaf material 
were ground under liquid nitrogen. The powder was suspended in 40 
ml of 50 mM Na phosphate, pH 7.0, and stirred for 30 min on ice. 
After centrifugation for 10 min at 10,000 rpm, 3.5 g of ammonium 
sulfate were dissolved in 10 ml of supernatant. The mixture was 
placed on ice for 30 min and centrifuged to remove the precipitate. 
The supernatant was mixed with 1.5 g of ammonium sulfate and 
stirred on ice for 30 min. For HPLC, the resulting precipitate was 
dissolved in 45 mM Na phosphate, pH 7.0, and applied to a high 
performance hydroxylapatite column. The column was pre-equili- 
brated with 45 mM Na phosphate, pH 7.0, 10 mM CaCl 2 . Elution 
occurred with a linear gradient of 45-350 mM Na phosphate, pH 7.0, 
10 mM CaCl 2 . Fractions containing thionin were collected and used 
for the toxicity tests and for the protein sequencing. For the immu- 
nization procedure, final purification was done by preparative SDS- 
PAGE on a 12-20% linear polyacrylamide gradient gel. Cell wall 
thionins were isolated according to Bohlmann et al (15). Hordothion- 
ins were extracted from barley flour as described by Garcia-Olmedo 
et al (17) and purified by ion exchange chromatography according to 
Mak and Jones (18). Intracellular and cell wall thionins of barley 



1 The abbreviations used are: HPLC, high performance liquid chro- 
matography; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis; Hepes, 4-(2-hydroxyethyl)-l-piperazineethanesul- 
fonic acid 
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leaves were, reduced and carboxymethylated before they were used for 
the production of" antisera. 

Protein Sequencing — Proteins were sequenced by the u Normal-l" 
procedures on ait Applied Biosystems model A 477 sequenator with 
on-line identification of phenylthiphydantoi n-derivauves.. 

In Viw Pufct! Labvlinj* For pulse labeling, leaves were cut directly 

above (he seed. After cutting off the basal 5-mra segment under water, 
4 leaves were placed in a reaction tube containing 25 j*Ci of ^SO;~ in 
100 pi of water for A h in the dark or 2 h in Che light The material 
was frozen in liquid nitrogen and stored at —20 *C. Alternatively, 
plants were grown on water culture and :w SO*" was added to the 
medium. Both procedures produced the same results. 

Thxfcity Test'~-Thiehw£opsis paradaxa was grown at 28 °C in Petri 
dishes containing 0.5% potato dextrose agar. Prior to inoculation at 
the center of the plate, wells punched into the agar were tilled with 
GO fii of protein solution containing cell wall thionins, soluble thion- 
ins, or bovine serum albumin. Protein solutions were applied at a 
concentration of 500 ^M. After 3 days of incubation the fungus had 
reached the edge of the Petri dish and began to sporulate. At this 
time the plate was photographed, 

iMesophyll protoplasts of. Nkotiana tabacum cv. Samsun were 
isolated according to Binding el ai (19). After washing, protoplasts 
at a concentration of 5 x tfffml were suspended in I ml of 3% agarose 
which contained different concentrations of soluble or cell wall thion- 
ins ranging from 0 to 20 and were kept in small Petri dishes for 
up to 2 weeks at 20 *C under dim light until callus formation in 
th ion in free, control samples was visible. In controls, bovine serum 
albumin was added to the agarose at the same concentrations as 
thionins. No effect of bovine serum albumin on callus formation could 
be detected. 

Immunological Detection of Proteins — Proteins were separated on 
SDB-polyacrylamide gels according to Laemmli (20). If not stated 
otherwise, proteins were reduced with #-mereaptoethanol and carbox- 
ymethyiated prior to electrophoresis. Proteins were transferred elec- 
trophoreticaily from polyacrylamide gels to nitrocellulose sheets ac- 
eorfimgto Towbin ei at. 121). Thionins were detected immunologically 
on nitrocellulose sheets as described by Dehesh and Ryherg (22). 
Immunogold labeling of thionins in ultrathin sections of etiolated 
barley leaves was done as described by Dehesh vt at (23). 

Isolation of X'ocuoles and Minipratopiasts from Meaophytl Proto- 
plasts of Barfoy Mesophyil protoplasts from barley primary leaves 

were prepared as described by Kaiser at at (24). Vacuoles were 
liberated from the protoplasts by mechanical lysis (25). Contamina- 
tion with other cell constituents was less than 1% {26). Mimproio- 
plasis were liberated from protoplasts by the evacuolation technique 
described by Lorz et ai (27) which has been slightly modified. 2 ml 
of a suspension of purified protoplasts were layered on 10 ml of a 
solution containing 400 wm mamiitoi, 50 mM CaCl* 10 mM Hopes- 
imidazol, pH 7,0, dissolved in PereoJL and were centrifuged for SO 
min at 120,000 x The resulting mmiprotoplasts lack the central 
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FlC. 2. Immunological relationship' between hordothionin 
and the putative soluble loaf thionin of barley, i, standard 
proteins including hordothionin {arrowhead) and 2, soluble leaf pro- 
teins were separated electrophoreses !ly on a 12-20% polyacrylamide 
gradient gel. After separation, proteins were stained with Coomassie 
Blue (A ) or blotted onto nitrocellulose and detected immunologically 
using the antisera against hordothionin {#) or against: the putative 
soluble leaf thionin (C). Standard proteins: ovalbumin (45,000), chy- 
motrypsinogen (25,000), cytochrome c (12,500), trypsin inhibitor 
(6,500), and hordothionin (5,000). Proteins were reduced with fi- 
mercaptoethanol and carboxymethylated prior to electrophoresis. 
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Fig. o. The effect of light on the synthesis of soluble puta- 
tive thionins in leaves of barley seedlings kept in the dark or 
illuminated for 12 h with white light prior to incubation. 

Na**SO« was fed to detached leaves of either etiolated barley seedlings 
in the dark (7) or pre-iliuminated seedlings in the light. (2), as 
described under "Experimental Procedures.'* Soluble leaf proteins 
Were separated electrophoretically on. a 12-20% polyacrylamide gra- 
dient gel. Proteins were stained with Coomassie. Blue {A} or blotted 
onto nitrocellulose and detected immunologically using the antiserum 
against soluble leaf thionins (#). Cand D t demonstration of the light- 
induced decline in the synthesis of the putative soluble leaf thionin. 
C, autoradiogram of the gel shown in A, I), mimunoprecipitate of 
radioactively labeled soluble leaf proteins, with an antiserum raised 
against the putative soluble thionin. 
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Fig. L Isolation and purification of putative soluble thion- 
ins from total leaf homogenates of dark -grown barley (//. 
vulgare) seedlings. Soluble proteins of leaf homogenates ( / ); after 
precipitation between ;*5 and 50% (w/v) ammonium sulfate {if and 
after HPLC (3) were separated elec trophoreticaily on a 15-20% linear 
polyacrylamide gradient: gel together with the putative soluble thion- 
ins purified by preparative gel electrophoresis (4). 5, standard pro- 
teins: chymotrypsinogen (25,000), -cytochrome c (12,500), trypsin 
inhibitor (6,500), and hordothionin (5,000). Arrowhead indicates the 
position of the putative soluble thionin. 



vacuole but. contain more t han 85% of the other cell organelles and 
30-50%oflhecytosoU fc 

RESULTS 

Isolation of Soluble Thionins from Barley Leaves In the 

past we have noticed that in etiolated barley seedlings there 
is a highly abundant mRNA encoding a 15 ? 000 M, polypeptide 
whose concentration rapidly declines upon illumination (28, 
29), This mRNA is present, at high concentrations in the leaf 
and niesocotyi of etiolated barley seedlings but almost unde- 
tectable in other tissues of the plants like roots or the endo- 
sperm (30). The 15,000 M f polypeptide has been identified as 

2 E. Martinoia imd G. Kaiser, unpublished results. 
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Soluble T?;it?Tjir» 

Fjg. 4. A comparison of the amino acid sequence of barky loaf thioain as predicted from the 
nucleotide sequence of the ihionin gene of the genomic DNA clone BTII0 (15) with tine partial amino 
acid sequences of cell wail and sohtbmthmnms purified as described u nder u HKperimeniaJl Procedures*" 

The pKTihii amino acid sequences *re shown below thai of BTHS with only the ammo acid differences indicated* 
Cysteine residues had not hfccn determined. The question mark* in the protein sequence indicate residues who** 
no etear siarnul was obtained during the sequence analysis. At sorru* positions more than 3. amino acid was found 
indicating that the fraction* £»alyz«d contain mors? than one seqm>rw;e varolii of thiomn. 



a high molecular weight precursor polypeptide of leaf thionins 
which te composed of a signal peptide, a thionin domain, and 
an acidic polypeptide (14, 31). Two different experimental 
approaches hove been used to identify and to localize thionins 
within the leaf of barley seedlings. 

In our previous work an. antiserum was raised against a 
fusion protein of Esclienchia colt, /^gaiactosidase and the 
15,000 M t precursor polypeptide of leaf thionins, The anti- 
serum against- the isolated fusion protein was allowed to react 
with ultraihhi sections of embedded leaf material of etiolated 
barley seedlings. After the samples had been processed with 
protein A-gold particles, the antigens were found exclusively 
in the cell wall BleiHTdphoretic analysis of proteins extracted 
from isolated cell walls revealed, thai thionins represent a 
major subtraction of cell wah proteins of barley leaver (15). 

In the present, work : puta^ proteins were 

isolated from total leaf extracts^The soluble proteins of the 
leaf homogenate were separated- electroph 
polyaerylannde gels, A low molecular weight protein was 
present among the soluble !enf proteins whose apparent mo- 
lecular weight was very similar to that of tie 5,000 Alitor- 
dothionin of barley seeds (Fig, I). This protein cbbN) he; 
purified further by ammonium sulfate, precipitation. Among, 
the proteins which precipitated between 35 and 50S fw/v) 
ammonium sulfate, this protein was one of the most abundant 
polypeptides (Fig, ]). It could he purified to apparent homo- 
geneity through HFLC on hydroxylapatlte columns and sub- 
sequent preparative gel electrophoresis (Fig. 1). 

An antiserum was raised against the reduced and. e&rhoxy- 
methylated putative thionindike protein and was used to 
determine the relationship of this leaf protein with the thicmin 
of barley seeds. Equal amounts of hordothionin and the 50(H) 
Mr leaf protein were reduced and carboxymethylated, sepa- 
rated electrophoretically, transferred onto nitrocellulose, and 
allowed to react with the antkera against hordothionin or the 
putative tbiomn-Jike leaf protein, respectively. The antiserum 
raised against, the leaf protein reacted strongly with this 
protein, hut cross-reacted also with the hordothionin- The 
antiserum raised against hordothionin reacted m an inverse 
way with the two polypeptides (fig. 2). 

The immunological cioes-reactivity and the similar size of 
the two polypeptides suggested to us that the low molecular 



weight polypeptide extracted from leaf homogenat.es could be 
a soluble t.hionin. This hypothesis was tested by analyzing the 
effect of light on the biosynthesis of the leaf protein, ft had 
been shown previously that the concentration of mRNAs 
encoding leaf thionins rapidly declines once the etiolated 
barley seedling has been exposed to light (28> 29). Etiolated 
seedlings were kept in the dark or illuminated with white light 
for 1*2 h< Primary leaves were detached from these seedlings 
and placed in a solution containing Na^SO*. After incubation 
either in the dark or in the light, proteins were extracted from 
the leaves and separated electrophoraticaUy on a 80S 2*2 - 
20%-polyaerylan.ude gradient gel. An aliquot of each protein 
fraction was incubated with the antiserum against the puta- 
tive thionhvlike protein and the resulting immunopredpitate 
applied to the poly aery (amide gel. The distribution of radio - 
actively labeled polypeptide* was determined by autoradiog- 
raphy In leaves of etiolated barley seedlings the 5000 M r 
polypeptide was heavily labeled, with while m leaves of 
illuminated seedlings the extent of labeling of tms protein 
had been drasucally reduced (Fig, 3i This result us in. agree - 
merit wtththe effect of light on: the c:oncentration o£ tinonin • 
specmc mRNAs The identity of the.polypeptvde as thionm 
was -confirmed by partial sequence^determinatmn of the iso- 
lated soluble 5000 M t leaf prptem, Ihe partial: sequence of 
this polypeptide is closely related to both thfc amino .acid 
sequence of cell wall thionins as well as the correspdhdihj 




Fi<*. Growth inhibition of the phytopathogeale fungus T< 
parctdoxa by eell wall (a) and soluble {6} thionins of barley 
leaves, c. bovine serum albumin taken as o control did not affect the 
growt h of the fungus. 



FiiU 6. The effect of different 
concentrations of soluble thionias 
on callus formation from protoplasts 
of iY. tabacum. Numbers indicate Ihfc 
various thionm coitcentratinns in micro* 
molars. Comparable results were ob- 
tained with ceil wall thionins. Bovine 
serum albumin did not affect calhia for* 
mation. 
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Fro. 7. Localization of intracellu- 
lar and ceil wall thionins in leaves 
of dark-grown barley. Sections of 
[>owieryl -embedded tissue slices were 
prepared and allowed to react with the 
antiseru directed against the fusion pro- 
tein (A.) and the soluble thionins (#■). 
Subsequently they were, treated with 20 
nm protein Argold as described by De- 
hesh at at (23). Comparison of the re- 
sults dearly demonstrates that intracel- 
lular thionins ore recognised specifically 
by the antiserum against the soluble 
thionins while cell wall thionins react 
only with the antibody against the fusion 
protein. CW, cell wall: Oyr, cytoplasm; 
/\ plastid; V, vacuole; ICS, intercellular 
space. Bar « 0.5 //in. 
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part of the thionin precursor as derived from the nucleotide 
sequence of a thionin gene (Fig. 4). 

The Toxicity of Soluble Thionins- -Most thionins studied so 
far including the cell wall thionins of barky leaves have been 
shown to be highly toxic for various bacteria, fungi, and small 
animals (15, 32-34). The toxicity of the soluble thionin was 
tested using the fungus T. paradoxa, a pathogen of sugar cane 
(35). Soluble and cell wall thionins were applied at a concen- 
tration of. 500 jiM each to the test plates. Both proteins were 
able to suppress the growth of the fungus, while bovine serum 
albumin as a control protein had no detectable effect on the 
fungus if applied at the same concentration (Fig/5), 

Thionins have not been found in the intercellular fluid of 
barley leaves (36), thus, the soluble thionins isolated from 
leaf homogenates appear to be present within the plant cell 
In such a case it is important to know whether or not intra- 
cellular thionins are toxic to plant cells. Thionins are assumed 
to disrupt the permeability of cell membranes (34, 37, 38). 
The toxicity of thionins for plant cells was tested by exposing 
isolated tobacco mesophyll protoplasts to increasing concen- 
trations of soluble and cell wall thionins isolated from barley 
leaves. Protoplasts were kept in 3% agarose for at least 2 
weeks to allow callus formation. As shown in Fig. 6 thionin 
concentrations as low as o x 10~* m damaged protoplasts such 
that callus formation did not occur. Soluble and cell wall 
thionins were effective in inhibiting callus formation at 
roughly the same concentration. Bovine serum albumin added 
to the. protoplasts at the same concentration as thionins did 
not affect the callus formation (results not shown). 

The Localization of Soluble Thionins in Barley Leaves— -hi 
our previous work leaf thionins had been localized within the 
cell wall of barley leaves (15). This was demonstrated in two 
different, ways. First, by immunogold labeling of ultrathin 
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Fig. 8. Comparison of the relative concentrations of cell 
wall (2-4) and soluble (5) leaf thionins in etiolated barley 
seedlings. Soluble and cell wall proteins were extracted from the 
same amount of leaf tissue and separated electrophoreticalty on a 15 - 
20% linear polyacryJ amide gradient gel. In lane 5 proteins applied to 
the gel correspond to 13 mg of leat, fresh weight; in lama 2-4 they 
correspond to 147, 2U4 f and 588 mg of leaf, fresh weight, respectively. 
After separation, proteins were stained in the gel with Coomassie 
Blue (A ) or blotted onto nitrocellulose and detected immunologically 
using the antiserum against soluble leaf thionins (/*}. 7, Standard 
proteins: bovine serum albumin (68,000), chy motrypsmogen (25,000), 
cytochrome c (12*500), trypsin inhibitor (0,500), and hordoihionin 
(5,000). Proteins were reduced with /*rnercajnoeihanol and carhoxy- 
methylated prior to electrophoresis. 

sections of leaves using an antiserum against a fusion protein 
of E. coli tf-galactosidase and the 15,000 M T precursor poly- 
peptide of thionins. Second, by extracting thionins from iso- 
lated cell walls. Cell walls had been sonicated and washed 
extensively with water prior to the extraction without any 
apparent loss of wall-bound thionins. Cell wall thionins could 
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Fig. U. The effect of reduced and earhoxymethylated 
sulfhydryl groups of leaf thionins on their iwwunoreaetivHy. 

Soluble leaf proteins (a, 6, /},?, ceil wall proteins Ic, d> i jh and total 
leaf proteins ext racted in the presence of SDS from leaf homogenates 
<c ; /. A, 0 were isolated from leaves of dark -grown (a, c, e, & t, fc) or 
\2 h illuminated {6, d. /, h s j, 0 barley seedling*. The various protein 
fractions were soluhilwed in the presence, of SDS and. applied to IS • 
20% linear poiyacryiamide gradient gels without any further treat- 
merit fj or treated with #-mereaptoeihanol and carboxy methylated 
prior to electrophoresis («-/}. After separation, proteins were stained 
with Cooma&ue Blue (4) or blotted onto nitrocellulose and detected 
immunologically osing the antiserum against the soluble f hioxisn. 

be separated from the cell wall only after the addition of high 
concentrations of salt. Furthermore, thionins could be local- 
ised by imnumogold labeling only outside the cell within the 
wall (15). These findings seem to be in conflict with results 
obtained in the present work, which indicate that thionins 
are. a major suhfraction of soluble intracellular leaf proteins. 

With the antiserum against the fusion protein, the results 
of the imtnunogold labeling were similar to those reported 
earlier (Fig. 7/* }. immunoreacuve proteins were detected only 
within the area of the cell wall When ultrathin sections of 
the same leaf sample were allowed to react with theantiserum 
against the soluble thionra. a completely different picture 
e?nerged from the immunogold labeling. Gold particles were 
absent from the cell wall and could be seen only within the 
cell mainly in the area of the tonoplast (Fig. IB). The density 
of gold particles within the cell was significantly lower than 
in the cell wall. This result could suggest that intracellular 
thionins are. present in the leaf at a much lower concentration 
than cell wall thionins. However, comparison of the amounts 
of soluble thionins and cell wall thionins, which could be 
isolated from the same quantity of etiolated leaf material, 
revealed that soluble thionins comprise an approximately 40- 
fold higher portion of total leaf thionins than cell wall thionins 
(Fig. S). As shown previously by immunogold labeling of 
isolated cell walls before and after extraction with LiGl, 



Fig. 10. Comparison of the immunoreaetivity of cell wall 
and soluble thionins. Increasing amounts of cell wall (o-d) and 
soluble thionins ie -h). ranging 2.5 Ui, h) t i> (c ; #), 10 ib.f)> and 20 to, 
a) fi% were applied to a 15-20% poiyacryiamide gradient get Thionins 
were treated with tf-mercaptoeihanul and car boxy methylated prior to 
electrophoresis. After separation, proteins were stained with Coo- 
massie Blue (A) or blotted onto nitrocellulose and detected immu- 
nologically using antisera against the fusion protein (B) or the soluble 
thionins (C). 

solubilization of cell wall thionins was almost complete (15), 
Thus, the small portion of cell wall thionins relative to the 
amount of soluble thionins was not due to an insufficient 
extraction procedure. 

The specificities of the two antisera used for the immuno- 
gold labeling were compared further by allowing the antisera 
to react with the two isolated subtractions of leaf thionins 
after these thionins had been treated with SDS. Thionins 
were either reduced with ^mereaptoethanoi and carhoxy- 
methylated to block reactive sulfhydryl groups prior to elec- 
trophoretic separation or were analyzed without any farther 
treatment. Nonreduced thionins were scarcely recognized by 
the two antisera but the thionins reacted very strongly with 
the antisera after they had been reduced and carboxymeth- 
ylated (Pig, 0)> A dilution series of equal amounts of the 
purified reduced and carboxymethylated soluble and cell wail 
thionins was separated electrophoreticaliy on a SDS 1.5-20% - 
poiyacryiamide gradient gel and was transferred onto nitro- 
cellulose. There was no longer any apparent difference in the 
immunoreaetivity of the two different subf ractions of thionins 
after the polypeptides had been reduced and carboxymethyl- 
ated and blotted onto nitrocellulose in the presence of SDS 
(Fig., 10). 

We have tried to explain the apparent discrepancy between 
the results of immunogold labeling of thionins in ultrathin 
sections of etiolated barley leaves and the comparison of 
quantities of soluble and cell wall thionins which could be 
extracted from the same amount of leaf material. Mesophyll 
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PlG. U. The intracellular distribution of thionins in iso- 
lated mesophyll protoplasts of barley. Protoplasts were isolated 
from leaves of barley seedlings which bad been exposed to continuous 
whit* light, for 48 h. Vacuoles < J > and miniprotoplasts (2) which lack 
the central vacuole were liberated from protoplasts {3} as described 
under "Experimental Procedures." A. microscopic pictures of the 
various cellular and subcellular fractions, B and C, the distribution 
of thionins among these fractions. Proteins were reduced with 0- 
mereaptoethanol, carhoxymethylated, and separated eleetrophoreti- 
cally on a SDS 15 -20% linear polyacrylamide. gradient gel. Proteins 
were stained in the gel with Coomassie Blue US) or blotted onto 
nitrocellulose and detected immunologically using an antiserum 
against soluble leaf thionins <C). Almost all of the intracellular 
thionins ore present within the central vacuole. Arrowhead indicates 
the position of the intracellular thionin. Bar ~ 50 ^m. 

protoplasts were prepared from leaves of barley seedlings 
which had been grown in the dark before they were exposed 
to continuous white light for 48 h. Vacuoles and miniproto- 
plasts were liberated from the protoplasts (Fig. II A). Mini- 
protoplasts lack the central vacuole but contain more than 
85% of the other cell organelles and 30 -50% of the cytosol 
(26). Contamination of the vacuole preparation with other 
cell constituents was less than 1% (26). Equal amounts of 
proteins of the various cellular and subcellular fractions were 
applied to a 15-20% rx>lyacrylamide gradient gel after they 
had been reduced and carboxymethylated. Proteins were sep- 
arated electrophoretically and either stained in the gel with 
Coomassie Blue or allowed to react with the antiserum against 
the soluble thionins. Large amounts of thionins were present 



in vacuoles but. thionins could not have been detected within 
the fraction of mimprotoplasts (Fig. 11, B and C). Thus, a 
major part of intracellular thionins is stored within the central 
vacuole of the leaf cells. Probably these proteins have been 
lost during the preparation of ultrathin sections of barley- 
leaves and thus could not have been detected by immunogold 
labeling. 

DISCUSSION 

Recently* leaf thionins of barley have been identified as a 
novel class of cell wall proteins (14, 15)* In the present work 
a second subfraction of thionins has been described which is 
localized within the leaf celh Thionins of both groups are 
closely related to each other. They are toxic to phytopatho- 
genie fungi as well as to protoplasts of tobacco, they share 
similar amino acid sequences and their synthesis in etiolated 
seedlings of barley is down-regulated by light 

Despite these similarities each of the two subfractions of 
thionins could be clearly distinguished by its subcellular dis- 
tribution. In ultrathin sections of embedded etiolated leaf 
material* cell wall thionins could be immunogold labeled 
specifically by an antiserum raised against a fusion protein of 
E. eoli .#-ga!actosidase and the 15,000 M t precursor polypep- 
tide of thionins. This antiserum did not react with the intra- 
cellular thionins of these leaf sections. On the other hand* an 
antiserum raised against soluble thionins did not immunogold 
label cell wall thionins. The extent of immunogold labeling of 
intracellular thionins by the latter antiserum seemed to indi- 
cate that this subgroup of thionins makes up only a minor 
fraction of total thionins of barley leaves. Analysis of the 
soluble polypeptides extracted from leaf homogenates of etio- 
lated seedlings, however,. revealed that the amounts of soluble 
thionins/g of leaf, fresh weight, exceed by far those of the cell 
wall thionins. Comparison of the thionin content of isolated 
vacuoles and miniprotoplasts, which had been liberated from 
mesophyll protoplasts of barley leaves revealed that the major 
portion of intracellular thionins is stored within the central 
vacuole of leaf cells. We assume that these thionins had been 
lost during the preparation of ultrathin sections of barley 
leaves. In such a case, intracellular thionins which had been 
detected by immunogold labeling in the vacinity of the tono- 
plast would represent only a minor subtraction of total intra- 
cellular thionins. 

The immunoreactivity of thionins is strongly affected by 
the folding of the polypeptide. When blotted on to nitrocellu- 
lose, thionins of the two subfractions reacted with the two 
antisera only when they had been reduced and carhoxymeth- 
ylated prior to the electrophoretic separation. On the other 
hand, die immunogold labeling of thionins in ultrathin sec- 
tions of embedded barley leaf material revealed that each of 
the two subgroups reacted only with one of the two sera. 
These latter results indicate that thionins of different subcel- 
lular compartments must differ from each other in their 
exposed antigenic sites. For instance, in ultrathin sections 
cell wall thionins were recognized only by the antiserum, 
against the fusion protein. Within the fusion protein the basic 
thionin part of the precursor molecule is linked to the acidic 
protein. It is likely that both parts interact with, each other 
such that new epitopes of thionins are being exposed which 
normally are hidden within the mature thionin polypeptide. 
The results of immunogold labeling of cell wail thionins 
suggest that at least some of these epitopes are also exposed 
in thionins which have been deposited within the cell wall. 

Thionins are assumed to disrupt the permeability of cell 
membranes (34, 37, In this respect they resemble other 
toxins such as the killer toxin of yeast, (39), the cecropins of 



8984 



Intracellular Thionins of Barley 



insects (40), or the perforin of cytotoxic T lymphocytes (41). 
Cells that produce and store these toxins must be immune to 
their action. All thionins whose mRNA sequences have been 
studied so far are synthesized as a high molecular weight 
precursor molecule which contains an acidic polypeptide part, 
in addition to the basic thionin part. We believe that the 
acidic part of the precursor polypeptide might neutralize a 
toxic effect of the thionin within the cell. The charge differ- 
ences between the basic thionin and the acidic protein part 
would favor a close interaction of both protein domains. Since 
cysteine residues have been highly conserved not only within 
different thionin variants but also within the corresponding 
acidic protein parts one could easily visualize that thionins 
could be inactivated within the precursor molecule through 
intramolecular disulfide bonds between the thionin and the 
acid protein domains. 

Even though there is no experimental clue available so far 
as to what function the intracellular thionins might have, 
they are so closely related to cell wall thionins that it seems 
likely that they probably function in a very similar way as the 
cell wall thionins. Thus, an attractive possibility is that these 
thionins are also part of a defense mechanism. We are cur- 
rently trying to test this proposed role of intracellular thionins 
in barley plants. 
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HIGH LYSINE DERIVATIVES OP ALPHA-HORDOTHIONIN 



5 TECHNICAL FIELD 

This invention relates to derivatives of a-hordothionin 
which provide higher percentages of lysine while retaining the 
antifungal functionality of hordothionins. 

10 

BACKGROUND OF THE INVENTION 

Disease resistance is an important objective of the 
genetic engineering of crop plants. Numerous fungi and 

15 bacteria are serious pests of common agricultural crops. One 
method of controlling diseases has been to apply antimicrobial 
organic or semiorganic chemicals to crops. This method has 
numerous, art-recognized problems. A more recent method of 
control of microorganism pests has been the use of biological 

20 control organisms which are typically natural competitors or 
inhibitors of the troublesome microorganisms. However, it is 
difficult to apply biological control organisms to large 
areas, and even more difficult to cause those living organisms 
to remain in the treated area for an extended period. Still 

25 more recently, techniques in recombinant DNA have provided the 
opportunity to insert into plant cells cloned genes which 
express antimicrobial compounds. This technology has given 
rise to additional concerns about eventual microbial 
resistance to well-known, naturally occurring antimicrobials, 

30 particularly in the face of heavy selection pressure, which 
may occur in some areas. Thus, a continuing effort is 
underway to express naturally occurring antimicrobial 
compounds in plant cells directly by translation of a single 
structural gene. 

35 However, the use of such techniques gives rise to further 

problems. Crop plants have more important things to do than 
fight disease. They are sources of sugars, starches, 
proteins, oils, fibers, and other raw materials. Genetic 
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engineers would also like to modify/ and often to enhance, the 
production of those natural plant products. Unfortunately, 
plant cells can only produce large quantities of a few 
cellular components at a time. If they are producing high 
5 levels of storage proteins, it is difficult for them to also 
produce high levels of antifungal compounds. Thus, genetic 
engineers face a quandary in designing advanced plant systems 
with existing molecules for protein quality enhancement and 
disease resistance which require concurrent high-level 
10 expression of multiple genes. 

Brief Description of the Drawing Figures 

Figure 1 is a graph of antimicrobial performance of 
15 various compounds discussed herein against S. sclerotiorum. 
Figure 2 is a graph of antimicrobial performance of 
various compounds discussed herein against A. flavus. 

Figure 3 is a graph of antimicrobial performance of 
various compounds discussed herein against F. graminearum. 
20 Figure 4 is a graph of antimicrobial performance of 

various compounds discussed herein against F. monilif orme . 

DISCLOSURE OF THE INVENTION 

25 It has now been determined that one class of compounds, 

the a-hordothionins, can be modified to enhance their content 
of lysine while maintaining their antifungal activity. These 
hordothionin derivatives can be expressed to simultaneously 
enhance both resistance to fungal diseases and lysine content 

30 of the plant. 

a-hordothionin is a 45-amino acid protein which has been 
well characterized. It can be isolated from seeds of barley 
(Hordeum vulgare) and even in its native form is especially 
rich in arginine and lysine residues, containing 5 residues 

35 (10%) of each. The amino acid sequence is as provided in 
SEQUENCE I.D. No. 1. It has powerful antifungal properties. 
Initial work to enhance the lysine content of this protein 
provided a high lysine derivative as indicated in SEQUENCE 
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I.D. No. 2. However, it was impossible to predict the 
ultimate effect of this seemingly trivial substitution on the 
tertiary structure and folding of the protein, and subsequent 
bioassays determined that this derivative did not fold to a 
5 biologically active species in vitro . In addition, both 

tertiary structure and folding are critical to the stability 
and adequate expression of the protein in vivo , and both were 
absent in this compound. Therefore, further analysis and 
functional modeling of the wild-type compound was undertaken 
10 to determine whether substitutions could be made without 
disrupting biological activity. Although the crystal 
structure of crambin, a small protein of similar size and 
structure, has been reported, such crystal structures have not 
previously been available for hordothionin or even related 
15 compounds such as purothionin and viscotoxin. We undertook to 
develop such structural information. 

Three-dimensional modeling of the protein led us to 
believe that the arginine residue at position 10 was critical 
to retention of the appropriate 3-dimensional structure and 
20 possible folding through hydrogen bond interactions with the 
C-terminal residue of the protein. A lysine substitution at 
that point with its shorter side chains could not hydrogen 
bond at the same time to both the serine residue at the 2 
position and to the C-terminus while maintaining the backbone 
25 structure which we had predicted. The synthetic peptide 

having this substitution could not be made to fold correctly, 
which supported this analysis. Conservation of the arginine 
residue at position 10 provided a protein which folded 
correctly, had the sequence indicated in SEQUENCE I.D. No. 3, 
30 and exhibited antifungal activity in a bioassay. Comparison 
of the structure of hordothionin with that of the loosely 
related (48% homologous, 30% identical) protein crambin showed 
that thionin had a disulfide bond linking the cysteines at 
positions 12 and 29 which was not bridging the corresponding 
35 positions in crambin. Accordingly, replacement of the 

cysteine at position 12 of thionin with lysine and replacement 
of the cysteine at position 29 with threonine to produce a 
protein having the sequence indicated in SEQUENCE I.D. No. 4 
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was found not to disrupt the 3-dimensional structure of the 
protein, as evidenced by an energy content which was 
determined to be indistinguishable from that of the native 
protein. 

5 Further analysis of substitutions which would not alter 

the 3-dimensional structure of the molecule led to replacement 
of Asparagine-11, Glutamine-22 and Threonine-41 with lysine 
residues with virtually no steric hindrance. The resulting 
compound had the sequence indicated in SEQUENCE I.D. No. 5, 
10 containing 29% lysine residues. In addition, it was 
determined that by replacement of the serine residue at 
position 2 with aspartic acid, the arginine at position 10 
could be replaced with lysine while permitting the needed 
hydrogen bonding with the C-terminus, providing a compound of 
15 the sequence indicated in SEQUENCE I.D. No. 6. It should be 
appreciated that that these substitutions would be effective 
and acceptable could not have been predicted by examination of 
the linear sequence of the native thionin-protein. 

Other combinations of these substitutions were also made, 
20 providing proteins having the sequences indicated in sequence 
i.d. no. 7 and sequence i.d. no. 8. accordingly, this 
invention provides proteins having the sequence of sequence 
i.d. no. 9 wherein the amino acid residues at one or more of 
positions 5, 10, 11, 12, 17, 19, 22, 30 and 41 are lysine, and 
25 the remainder of the residues at those positions are the 

residues at the corresponding positions in sequence i.d, no. 
1, provided that the residue at position 30 is threonine when 
the residue at position 12 is lysine and cysteine otherwise, 
and the residue at position 2 is aspartic acid when the 
30 residue at position 10 is lysine and serine otherwise. 

although the native hordothionin is relatively lysine rich, a 
storage protein with 10% lysine residues (by number) cannot be 
expressed at high enough levels to obtain total protein lysine 
contents which are sufficient to obviate the need for lysine 
35 supplementation in poultry and swine feeds, these compounds 
are significantly more lysine enriched, and can be made to 
contain nearly thirty percent lysine residues, without such 
enhanced lysine contents, it is impossible to eliminate the 
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need for lysine supplementation of feeds. this invention thus 
also provides an important method for enhancing the lysine 
content of a plant cell or a plant, comprising the step of 
causing one or more proteins according to this invention to be 

5 expressed in the cell or plant. 

synthesis of the compounds was performed according to 
methods of peptide synthesis which are well known in the art 
and thus constitute no part of this invention, in vitro, we 
have synthesized the compounds on an applied biosystems model 

10 431a peptide synthesizer using fastmoc** chemistry involving 
hbtu 1 2- ( lh-benzot r iazol-l-yl ) -1 , 1 , 3 , 3-tetrame thyluronium 
hexafluorophosphate, as published by rao et al., int. j. pep. 
piot. res. 40:508-515 (1992). peptides were cleaved following 
standard protocols and purified by reverse phase 

15 chromatography using standard methods, the amino acid 

sequence of each peptide was confirmed by automated edman 
degradation on an applied biosystems 477a protein 
sequencer/120a pth analyzer, more preferably, however, the 
compounds of this invention are synthesized in vivo by 

20 bacterial or plant cells which have been transformed by 

insertion of an expression cassette containing a synthetic 
gene which when transcribed and translated yields the desired 
compound. such empty expression cassettes, providing 
appropriate regulatory sequences for plant or bacterial 

25 expression of the desired sequence, are also well-known, and 
the nucleotide sequence for the synthetic gene, either rna or 
dna, can readily be derived from the amino acid sequence for 
the protein using standard reference texts. Preferably, such 
synthetic genes will employ plant-preferred codons to enhance 

30 expression of the desired protein. 

industrial Applicability 

The following description further exemplifies the 
35 compositions of this invention and the methods of making and 
using them. However, it will be understood that other 
methods, known by those of ordinary skill in the art to be 
equivalent, can also be employed. 
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Plants 

The polypeptides employed in this invention can be 
effectively applied to plants afflicted with susceptible 
microorganisms by any convenient means, including spray, 
5 creams, dust or other formulation common to the antimicrobial 
arts. The compound can also be incorporated systemically into 
the tissues of a treated plant so that in the course of 
infesting the plant the pathogens will be exposed to 
antimicrobial amounts of the compound of this invention. One 

10 method of doing this is to incorporate the compound in a non- 
phytotoxic vehicle which is adapted for systemic 
administration to the susceptible plants. This method is 
commonly employed with fungicidal materials such as captan and 
is well within the purview of one of ordinary skill in the art 

15 of plant fungicide formulation. However, since the genes 
which code for these compounds can be inserted into an 
appropriate expression cassette and introduced into cells of a 
susceptible plant species, an especially preferred embodiment 
of this method involves inserting into the genome of the plant 

20 a DNA sequence coding for a compound of this invention in 
proper reading frame, together with transcription initiator 
and promoter sequences active in the plant. Transcription and 
translation of the dna sequence under control of the 
regulatory sequences causes expression of the protein sequence 

25 at levels which provide an antimicrobial amount of the protein 
in the tissues of the plant which are normally infected by the 
pathogens. 

the plant is preferably a plant susceptible to infection 
and damage by one or more of fusarium graminearum, f usarium 

30 monilif orme , aspergillus f lavus , alternaria longipes , 

sclerotinia sclerotiorum, and sclerotinia trif olioruro. these 
include corn ( zea mays ) and sorghum ( sorghum bicolor ) . 
however, this is not to be construed as limiting, inasmuch as 
these two species are among the most difficult commercial 

35 crops to reliably transform and regenerate, and these 

pathogens also infect certain other crops, thus the methods 
of this invention are readily applicable via conventional 
techniques to numerous plant species, if they are found to be 
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susceptible to the plant pathogens listed hereinabove, 
including, without limitation, species from the genera allium , 
antirrhinum , arabidopsis , arachis, asparagus , atropa , avena, 
beta , brassica , browallia , capsicum , cicer , cicla , citrullus , 
5 citrus , cucumis , cucurbita , datura Caucus, digitalis , 

fagopyrum , f ragaria , geranium , glycine , gossypium , helianthus , 
hordeum, hemerocallis , lactuca , lens , lolium , lotus, 
lycopersicon , majorana , manihot , medicago , nasturtium , 
nicotiana , oryza , pelargonium , persea , petunia , phaseolus , 
10 pisum , ranunculus , raphanus , ricinus , saccharum , secale , 
senecio , setaria , solanum , spinacia , trifolium , triticum , 
bromus , cichorium , hyoscyamus , linum , nemesia , panicum , 
onobrychis , pennisetum , salpiglossis , sinapis , trigonella , and 
vigna . 

15 preferred plants that are to be transformed according to 

the methods of this invention are cereal crops, including 
maize, rye, barley, wheat, sorghum, oats, millet, rice, 
triticale, sunflower, alfalfa, rapeseed and soybean, 

synthetic dna sequences can then be prepared which code 

20 for the appropriate sequence of amino acids, and this 

synthetic dna sequence can be inserted into an appropriate 
plant expression cassette. 

likewise, numerous plant expression cassettes and vectors 
are well known in the art. by the term "expression cassette" 

25 is meant a complete set of control sequences including 

initiation, promoter and termination sequences which function 
in a plant cell when they flank a structural gene in the 
proper reading frame, expression cassettes frequently and 
preferably contain an assortment of restriction sites suitable 

30 for cleavage and insertion of any desired structural gene. it 
is important that the cloned gene have a start codon in the 
correct reading frame for the structural sequence, in 
addition, the plant expression cassette preferably includes a 
strong constitutive promoter sequence at one end to cause the 

35 gene to be transcribed at a high frequency, and a poly-a 

recognition sequence at the other end for proper processing 
and transport of the messenger rna. an example of such a 
preferred (empty) expression cassette into which the cdna of 
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the present invention can be inserted is the pphi414 plasmid 
developed by beach et al. of pioneer hi-bred international, 
inc., johnston, ia, as disclosed in u.s. patent application 
no. 07/785,648, filed October 31, 1991. highly preferred 
5 plant expression cassettes will be designed to include one or 
more selectable marker genes, such as kanamycin resistance or 
herbicide tolerance genes. 

by the term "vector" herein is meant a dna sequence which 
is able to replicate and express a foreign gene in a host 
10 cell, typically, the vector has one or more endonuclease 

recognition sites which may be cut in a predictable fashion by 
use of the appropriate enzyme, such vectors are preferably 
constructed to include additional structural gene sequences 
imparting antibiotic or herbicide resistance, which then serve 
15 as markers to identify and separate transformed cells, 
preferred markers/selection agents include kanamycin, 
chlorosulfuron, phosphonothricin, hygroraycin and methotrexate, 
a cell in which the foreign genetic material in a vector is 
functionally expressed has been "transformed" by the vector 
20 and is referred to as a "transf ormant . " 

a particularly preferred vector is a plasmid, by which is 
meant a circular double-stranded dna molecule which is not a 
part of the chromosomes of the cell. 

^as mentioned above, both genomic and cdna encoding the 
25 gene of interest may be used in this invention, the vector of 
interest may also be constructed partially from a cdna clone 
and partially from a genomic clone, when the gene of interest 
has been isolated, genetic constructs are made which contain 
the necessary regulatory sequences to provide for efficient 
30 expression of the gene in the host cell, according to this 
invention, the genetic construct will contain (a) a first 
genetic sequence coding for the protein or trait of interest 
and (b) one or more regulatory sequences operably linked on 
either side of the structural gene of interest, typically, 
35 the regulatory sequences will be selected from the group 
comprising of promoters and terminators, the regulatory 
sequences may be from autologous or heterologous sources. 
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promoters that may be used in the genetic sequence include 
nos, ocs and camv promoters, 

an efficient plant promoter that may be used is an 
overproducing plant promoter, overproducing plant promoters 
5 that may be used in this invention include the promoter of the 
small sub-unit (ss) of the ribulose-1, 5-biphosphate 
carboxylase from soybean (berry-lowe et al., j. molecular and 
app. gen. , 1:483-498 (1982)), and the promoter of the 
cholorophyll a-b binding protein, these two promoters are 

10 known to be light-induced, in eukaryotic plant cells (see, for 
example, genetic engineering of plants, an agricultural 
perspective , a. cashmore, pelham, new york, 1983, pp. 29-38, 
g. coruzzi et al., j. biol. chem. , 258 :1399 (1983), and p. 
dunsmuir, et al., j. molecular and app. gen. , 2:285 (1983)). 

15 the expression cassette comprising the structural gene for 

the protein' of this invention operably linked to the desired 
control sequences can be ligated into a suitable cloning 
vector. in general, plasmid or viral (bacteriophage) vectors 
containing replication and control sequences derived from 

20 species compatible with the host cell are used, the cloning 
vector will typically carry a replication origin, as well as 
specific genes that are capable of providing phenotypic 
selection markers in transformed host cells, typically, genes 
conferring resistance to antibiotics or selected herbicides 

25 are used, after the genetic material is introduced into the 
target cells, successfully transformed cells and/or colonies 
of cells can be isolated by selection on the basis of these 
markers. 

typically, an intermediate host cell will be used in the 
30 practice of this invention to increase the copy number of the 
cloning vector, with an increased copy number, the vector 
containing the gene of interest can be isolated in significant 
quantities for introduction into the desired plant cells, 
host cells that can be used in the practice of this invention 
35 include prokaryotes, including bacterial hosts such as e. 
coli , s. typhimurium, and serratia marcescens . eukaryotic 
hosts such as yeast or filamentous fungi may also be used in 
this invention, since these hosts are also microorganisms, it 
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will be essential to ensure that plant promoters which do not 
cause expression of the protein in bacteria are used in the 
vector. 

the isolated cloning vector will then be introduced into 
5 the plant cell using any convenient technique , including 

electroporation (in protoplasts), retroviruses, bombardment, 
and microinjection into cells from monocotyledonous or 
dicotyledonous plants in cell or tissue culture to provide 
transformed plant cells containing as foreign dna at least one 
10 copy of the dna sequence of the plant expression cassette. 

preferably, the monocotyledonous species will be selected from 
maize, sorghum, wheat or rice, and the dicotyledonous species 
will be selected from soybean, alfalfa, rapeseed, sunflower or 
tomato, using known techniques , protoplasts can be 
15 regenerated and cell or tissue culture can be regenerated to 
form whole fertile plants which carry and express the gene for 
a protein according to this invention, accordingly, a highly 
preferred embodiment of the present invention is a transformed 
maize plant, the cells of which contain as foreign dna at 
20 least one copy of the dna sequence of an expression cassette 
of this invention. ^ 
finally, this invention provides methods of imparting 
resistance to diseases caused by microorganisms selected from; 
fusarium qraminearum, fusarium monili forme, diplodia maydis , j 
25 colletototrichum graminicola, verticillium alboatrum, j 
phytophthora megaspermae f .sp. glycinea, macrophomina 
phaseolina, diaporthe phaseolorum caulivora, sclerotinia 
sclerotiorum, sclerotinia trif oliorum, aspergillus f lavus to 
plants of a susceptible taxon, comprising the steps of: 



from the taxon, 

b) introducing into the cells or tissue culture at least 
one copy of an expression cassette comprising a structural 
gene for one or more of the compounds of this invention, 

35 operably linked to plant regulatory sequences which cause the 
expression of the compound or compounds in the cells, and 

c) regenerating disease-resistant whole plants from the 
cell or tissue culture, once whole plants have been obtained, 



30 



a) 



culturing cells or tissues from 
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they can be sexually or clonally reproduced in such manner 
that at least one copy of the sequence provided by the 
expression cassette is present in the cells of progeny of the 
reproduction. 

5 alternatively, once a single transformed plant has been 

obtained by the foregoing recombinant dna method, conventional 
plant breeding methods can be used to transfer the structural 
gene for the compound of this invention and associated 
regulatory sequences via crossing and backcrossing. such 
10 intermediate methods will comprise the further steps of 

a) sexually crossing the disease-resistant plant with a 
plant from the disease-susceptible taxon; 

b) recovering reproductive material from the progeny of 
the cross; and 

15 c) growing disease-resistant plants from the 

reproductive material, where desirable or necessary, the 
agronomic characteristics of the susceptible taxon can be 
substantially preserved by expanding this method to include 
the further steps of repetitively: 
20 a) backcrossing the disease-resistant progeny with 

disease-susceptible plants from the susceptible taxon; and 

b) selecting for expression of antimicrobial activity 
(or an associated marker gene) among the progeny of the 
backcross, until the desired percentage of the characteristics 
25 of the susceptible taxon are present in the progeny along with 
the gene imparting antimicrobial activity. 

by the term "taxon" herein is meant a unit of botanical 
classification of genus or lower. it thus includes genus, 
species, cultivars, varieties, variants, and other minor taxo- 
nomic groups which lack a consistent nomenclature. 

it will also be appreciated by those of ordinary skill 
that the plant vectors provided herein can be incorporated 
into agrobacterium tumefaciens, which can then be used to 
transfer the vector into susceptible plant cells, primarily 
35 from dicotyledonous species, thus, this invention provides a 
method for imparting antimicrobial activity and disease 
resistance in agrobacterium tumefaciens -susceptible 
dicotyledonous plants in which the expression cassette is 
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introduced into the cells by infecting the cells with 
agrobacterium tumef aciens , a plasmid of which has been 
modified to include a plant expression cassette of this 
invention. 

5 

Human and veterinary pharmaceutical use 

This invention also provides methods of treating and 
preventing infection by susceptible organisms in a human or 

10 lower animal host in need of such treatment, which method 

comprises administration to the human or lower animal host in 
need of such treatment a therapeutically effective amount of a 
polypeptide of this invention or a composition containing one 
or more of the polypeptides. The polypeptides of the present 

15 invention may be administered parenterally , by inhalation 
spray/ rectally or topically in dosage unit formulations 
containing conventional nontoxic pharmaceutical^ acceptable 
carriers, adjuvants and vehicles as desired. The term 
parenteral as used herein includes subcutaneous, intravenous, 

20 intramuscular, intraarticular and intrathecal injection and 
infusion techniques. As with other polypeptides, the 
polypeptides of this invention are not known to be active 
orally. 

Total daily dose of the compounds of this invention 
25 administered to a host in single or divided doses may be in 
amounts, for example, of f ro^tf^^^2^^jmg/kg body weight 
daily and more usually 50 to 500 mg/kg. Dosage unit 
compositions may contain such amounts or fractions or 
submultiples thereof as appropriate to make up the daily dose. 
30 It will be understood, however, that the specific dose level 
for any particular patient will depend upon a variety of 
factors including the activity of the specific compound 
employed, the age, body weight, general health, sex, diet, 
time of administration, route of administration, rate of 
35 excretion, drug combination and the severity of the particular 
disease undergoing therapy. 

This invention also provides pharmaceutical compositions 
in unit dosage form, comprising an effective amount of a 
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compound of this invention in combination with a conventional 
pharmaceutical carrier. As used herein, the term 
^pharmaceutical carrier" means a solid or liquid filler, 
diluent or encapsulating material. Some examples of the 
5 materials which can serve as pharmaceutical carriers are 

sugars, such as lactose, glucose and sucrose; starches such as 
corn starch and potato starch; cellulose and its derivatives 
such as sodium carboxymethyl cellulose, ethyl cellulose and 
cellulose acetate; powdered tragacanth; malt; gelatin; talc; 
10 excipients such as cocoa butter and suppository waxes; oils 
such peanut oil, cottonseed oil, saf flower oil, sesame oil, 
olive oil, corn oil and soybean oil; polyols such as propylene 
glycol, glycerin, sorbitol, mannitol and polyethylene glycol; 
esters such as ethyl oleate and ethyl laurate; agar; buffering 
15 agents such as magnesium hydroxide and aluminum hydroxide; 
alginic acid; pyrogen-free water; isotonic saline; Ringer's 
solution, ethyl alcohol and phosphate buffer solutions, as 
well as other non-toxic compatible substances used in 
pharmaceutical formulations* Wetting agents, emulsifiers and 
20 lubricants such as sodium lauryl sulfate and magnesium 

stearate, as well as coloring agents, release agents, coating 
agents, and perfuming agents and preservatives can also be 
present in the compositions, according to the desires of the 
formulator. The amount of active ingredient that may be 
25 combined with the carrier materials to produce a single dosage 
form will vary depending upon the host treated and the 
particular mode of administration. 

' By "therapeutically effective amount" herein is meant an 
amount of either polypeptide or combination thereof sufficient 
30 to provide antimicrobial activity so as to alleviate or 

prevent infection by susceptible organisms in the human or 
lower animal being treated at a reasonable benefit/risk ratio 
attendant with any medical treatment. 

35 Antifungal Testing 

The antifungal activity of compounds synthesized in accord 
with this invention was measured using art-recognized methods, 
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as described in Duvick et al., J . Biol. Chem. 26:18814-18820 
(1992) against Aspergillus flavus, S. sclerotiorum, Fusarium 
graminearum and F. moniliforme. Results are shown in Figures 
1 through 4. 

5 In Figure 1, the curves are labeled according to their 

SEQUENCE I.D. Nos., with the exception of the curve labeled 
"10," which reflects the performance of a crude mixture of 
correctly and incorrectly folded compounds , including some 
quantity of the compound having SEQUENCE I.D. No. 2. The two 

10 curves labeled "1" and "la" represent results obtained with 
natural and synthetic hordothionin, respectively, both having 
the sequence shown in SEQUENCE I.D. No. 1. 

In Figures 2 through 4, the curves labeled as "1" and "la" 
again represent results obtained with natural and synthetic 

15 hordothionin, respectively, both having the sequence shown in 
SEQUENCE I.D. No. 1. The curves for other derivatives are 
labeled according to the SEQUENCE I.D. No. of the derivative. 
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SEQUENCE LISTING 
(1) GENERAL INFORMATION: 

(i) APPLICANT: Rao, A. Gururaj ; Beach, Larry 

(ii) TITLE OF INVENTION: HIGH LYSINE DERIVATIVES OF a- 
5 HORDOTHIONIN 

(iii) NUMBER OF SEQUENCES: 9 

(iv) CORRESPONDENCE ADDRESS: 

(A) ADDRESSEE: Pioneer Hi-Bred International, Inc. 

(B) STREET : 700 Capital Square, 400 Locust 
10 Street 

(C) CITY: Des Moines 

(D) STATE: Iowa 

(E) COUNTRY: United States 

(F) ZIP: 50309 
15 (v) COMPUTER READABLE FORM: 

(A) MEDIUM TYPE: Diskette, 3.5 inch, 1.44 Mb 

storage 

(B) COMPUTER: IBM Compatible 

(C) OPERATING SYSTEM: MS-DOS, Microsoft Windows 
20 (D) SOFTWARE: Microsoft Windows Notepad 

(vi) CURRENT APPLICATION DATA: 

(A) APPLICATION NUMBER: 

(B) FILING DATE: 

(C) CLASSIFICATION: 

25 (vii) PRIOR APPLICATION DATA: 

(A) APPLICATION NUMBER: 

(B) FILING DATE: 

(viii) ATTORNEY/AGENT INFORMATION: 
(A) NAME: Roth, Michael J. 
30 (B) REGISTRATION NUMBER: 29,342 

(C) REFERENCE/DOCKET NUMBER: 0233 US 
, (ix) TELECOMMUNICATION INFORMATION: 

(A) TELEPHONE: (515) 245-3594 

(B) TELEFAX: (515) 245-3634 
35 (2) INFORMATION FOR SEQ ID NO: 1: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH : 45 amino acids 

(B) TYPE: amino acid 
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(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 
(ii) MOLECULE TYPE: protein 

(A) DESCRIPTION: hordothionin 
5 (iii) HYPOTHETICAL: No 

(iv) ANTI-SENSE: NO 

(v) FRAGMENT TYPE : 

(vi) ORIGINAL SOURCE: 

(A) ORGANISM: Hordeum vulgare 
10 (xi) SEQUENCE DESCRIPTION: SEQ ID NO: 1: 

Lys Ser Cys Cys Arg Ser Thr Leu Gly Arg 

5 10 
Asn Cys Tyr Asn Leu Cys Arg Val Arg Gly 
15 20 
15 Ala Gin Lys Leu Cys Ala Gly Val Cys Arg 

25 30 
Cys Lys Leu Thr Ser Ser Gly Lys Cys Pro 
35 40 
Thr Gly Phe Pro Lys 
20 45 

(2) INFORMATION FOR SEQ ID NO: 2: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 45 amino acids 

(B) TYPE: amino acid 

25 (C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: protein 

(A) DESCRIPTION: hordothionin derivative 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 2: 
30 Lys Ser Cys Cys Lys Ser Thr Leu Gly Lys 

5 10 
Asn Cys Tyr Asn Leu Cys Lys Val Lys Gly 
15 20 
Ala Gin Lys Leu Cys Ala Gly Val Cys Lys 
35 25 30 

Cys Lys Leu Thr Ser Ser Gly Lys Cys Pro 
35 40 



WEST 



WO 94/16078 



PCT/US94/00382 



- 17 - 

Thr Gly Phe Pro Lys 
45 

(2) INFORMATION FOR SEQ ID NO: 3: 

(i) SEQUENCE CHARACTERISTICS: 

5 (A) LENGTH: 45 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: protein 

10 (A) DESCRIPTION: hordothionin derivative 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 3: 
Lys Ser Cys Cys Lys Ser Thr Leu Gly Arg 

5 10 
Asn Cys Tyr Asn Leu Cys Lys Val Lys Gly 
15 15 20 

Ala Gin Lys Leu Cys Ala Gly Val Cys Lys 
25 30 
Cys Lys Leu Thr Ser Ser Gly Lys Cys Pro 
35 40 
20 Thr Gly Phe Pro Lys 

45 

(2) INFORMATION FOR SEQ ID NO: 4: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 45 amino acids 

25 ( B ) TYPE: amino acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: protein 

(A) DESCRIPTION: hordothionin derivative 
30 (xi) SEQUENCE DESCRIPTION: SEQ ID NO: 4: 

Lys Ser Cys Cys Lys Ser Thr Leu Gly Axg 

5 10 
Asn Lys Tyr Asn Leu Cys Lys Val Lys Gly 
15 20 
35 Ala Gin Lys Leu Cys Ala Gly Val Thr Lys 

25 30 
Cys Lys Leu Thr Ser Ser Gly Lys Cys Pro 
35 40 
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Thr. Gly Phe Pro Lys 
45 

(2) INFORMATION FOR SEQ ID NO: 5: 

(i) SEQUENCE CHARACTERISTICS: 

5 (A) LENGTH: 45 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: protein 

10 (A) DESCRIPTION: hordothionin derivative 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 5: 
Lys Ser Cys Cys Lys Ser Thr Leu Gly Arg 

5 10 
Lys Lys Tyr Asn Leu Cys Lys Val Lys Gly 
15 15 20 

Ala Lys Lys Leu Cys Ala Gly Val Thr Lys 
25 30 
Cys Lys Leu Thr Ser Ser Gly Lys Cys Pro 
35 40 
20 Lys Gly Phe Pro Lys 

45 

(2) INFORMATION FOR SEQ ID NO: 6: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 45 amino acids 

25 (B) TYPE: amino acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: protein 

(A) DESCRIPTION: hordothionin derivative 
30 (xi) SEQUENCE DESCRIPTION: SEQ ID NO: 6: 

Lys Asp Cys Cys Lys Ser Thr Leu Gly Lys 

5 10 
Lys Lys Tyr Asn Leu Cys Lys Val Lys Gly 
15 20 
35 Ala Lys Lys Leu Cys Ala Gly Val- Thr Lys 

25 30 
Cys Lys Leu Thr Ser Ser Gly Lys Cys Pro 
35 40 
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Lys Gly Phe Pro Lys 
45 

(2) INFORMATION FOR SEQ ID NO: 7: 

(i) SEQUENCE CHARACTERISTICS: 

5 (A) LENGTH: 45 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: single * 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: protein 

10 (A) DESCRIPTION: hordothionin derivative 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 7: 
Lys Ser Cys Cys Lys Ser Thr Leu Gly Arg 

5 10 
Lys Cys Tyr Asn Leu Cys Lys Val Lys Gly 
15 15 20 

Ala Gin Lys Leu Cys Ala Gly Val Cys Lys 
25 30 
Cys Lys Leu Thr Ser Ser Gly Lys Cys Pro 
35 40 
20 Lys Gly Phe Pro Lys 

45 

(2) INFORMATION FOR SEQ ID NO: 8: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 45 amino acids 

25 (B) TYPE: amino acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: protein 

(A) DESCRIPTION: hordothionin derivative 
30 (xi) SEQUENCE DESCRIPTION: SEQ ID NO: 8: 

Lys Ser Cys Cys Lys Ser Thr Leu Gly Arg 

5 10 
Lys Cys Tyr Asn Leu Cys Lys Val Lys Gly 
15 20 
35 Ala Lys Lys Leu Cys Ala Gly Val Cys Lys 

25 30 
Cys Lys Leu Thr Ser Ser Gly Lys Cys Pro 
35 40 



WEST 



WO 94/16078 



PCT/US94/0Q382 



- 20 - 

Lys Gly Phe Pro Lys 
45 

(2) INFORMATION FOR SEQ ID NO: 9: 

(i) SEQUENCE CHARACTERISTICS: 

5 (A) LENGTH: 45 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : single 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: protein 

10 (A) DESCRIPTION: hordothionin derivative 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 9: 
Lys Xaa Cys Cys Xaa Ser Thr Leu Gly Xaa 

5 10 
Xaa Xaa Tyr Asn Leu Cys Xaa Val Xaa Gly 
15 15 20 

Ala Lys xaa Leu Cys Ala Gly Val Xaa Xaa 
25 30 
Cys Xaa Leu Thr Ser Ser Gly Xaa Cys Pro 
35 40 
20 Thr Gly Phe Pro Xaa 

45 
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WHAT IS CLAIMED IS: 

1. A protein having the sequence of SEQUENCE I.D. No. 9 
wherein the amino acid residues at one or more of positions 5, 

5 10, 11, 12, 17, 19, 22, 30 and 41 are lysine, and the 

remainder of the residues at those positions are the residues 
at the corresponding positions in SEQUENCE I.D. No. 1, 
provided that the residue at position 30 is threonine when the 
residue at position 12 is lysine and cysteine otherwise, and 
10 the residue at position 2 is aspartic acid when the residue at 
position 10 is lysine and serine otherwise. 

2. A protein according to Claim 1 wherein one or more of 
the the amino acid residues at positions 5, 11, 12, 17, 19, 22 

15 and 41 are lysine. 

3. A protein according to Claim 2 wherein all of the 
amino acid residues at positions 5, 11, 12, 17, 19, 22 and 41 
are lysine. 



20 



25 



4. A nucleotide sequence which codes for a protein 
according to Claim 1. 

5. An RNA sequence according to Claim 4. 

6. A DNA sequence according to Claim 4. 



7. An expression cassette containing the DNA sequence of 
claim 6 operably linked to plant regulatory sequences which 

30 cause the expression of the DNA sequence in plant cells. 

8. A bacterial transformation vector comprising an 
expression cassette according to Claim 7, operably linked to 
bacterial expression regulatory sequences which cause 

35 replication of the expression cassette in bacterial cells. 
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9. Bacterial cells containing as a foreign plasmid at 
least one copy of a bacterial transformation vector according 
to Claim 8. 

5 10* Transformed plant cells containing at least one copy 

of the expression cassette of Claim 7. 

11. Transformed cells according to Claim 10, further 
characterized in being cells of a monocotyledonous species, 

10 

12. .Transformed cells according to Claim 11', further 
characterized in being maize, sorghum, wheat or rice cells. 

13. Transformed cells according to Claim 10, further 
15 characterized in being cells of a dicotyledonous species. 

14. Transformed cells according to Claim 13, further 
characterized in being soybean, alfalfa, rapeseed, sunflower, 
tobacco or tomato cells. 

20 

15. A maize cell or tissue culture comprising cells 
according to claim 12. 

16. A transformed plant comprising transformed cells 
25 according to Claim 10. 

17. A method for killing and inhibiting plant pathogenic 
microorganisms which are susceptible to a-Hordothionin 
comprising introducing into the environment of the pathogenic 

30 microorganisms an antimicrobial amount of a protein according 
to Claim 1. 

18. A method for killing and inhibiting plant pathogens 
selected from Fusarium graminearum, Fusarium moniliforme, 

35 Diplodia maydis , Colletototrichum graminicola f Verticillium 
alboatrum, Phytophthora megaspermae f .sp. glycinea, 
Macrophomina phaseolina, Diaporthe phaseolorum caulivora, 
Sclerotinia sclerotiorum, Sclerotinia trif oliorum, and 
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Aspergillus f lavus , comprising introducing into the 
environment of the pathogenic microorganisms an antimicrobial 
amount of a protein according to Claim 1. 

5 19. A method according to Claim 17 wherein the 

environment of the pathogen is the tissues of a living plant. 

20. A method for enhancing the lysine content of a plant 
cell or seed comprising the step of causing a protein 

10 according to Claim 1 to be expressed in the cell or seed. 

21. A method for enhancing the lysine content of a plant 
comprising the step of causing a protein according to claim 1 
to be expressed in tissues of the plant. 
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© Thlonln stain technique. 

© Cellular analysis in accordance with the invention involves staining cellular material with a thionin stain to 
distinguish the nuclear portion from the cytoplasm, counterstaining, illuminating the thi on in-stained cellular 
material with energy in the infrared spectrum, and imaging the stained cellular material. The analysis can be 
automated or manual. 
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Held of the Invention 

This invention relates to the analysis of cellular material. Specifically, this Invention relates to a method 
of staining cells for cytological or histological analysis to contrast the nuclear portion of the cell from the 
5 cytoplasmic portion. The analysis can be automated or manual. 

Background of the Invention 

A traditional multicolored stain is desirable for staining cell smears for certain cytological analyses. It is 

w advantageous because the nucleus and the cytoplasm of the stained specimen are colored differently. In 
one preferred staining practice, the cytoplasm is transparent, whereas the nucleus is transparent to opaque. 
This staining pattern allows the cytologlst to distinguish cells which are morphologically abnormal. In 
addition, cytoiogists find the variety of colors of the traditional stains, particularly the Papanicolaou stain, 
helpful to reduce eye strain and to aid diagnosis. 

15 However, the traditional stains, including the Papanicolaou stain, are difficult for an automated system to 
analyze. The variety of colors in the cytoplasm from traditional stains, which are straightforward for the 
human eye to distinguish, are not readily analyzed with automated systems because they contrast to 
varying degrees with the traditional blue hematoxylin stain of the nucleus. The varying contrast makes 
automated analysis unreliable. 

20 A number of researchers have developed algorithms in an attempt to attain automated analysis of cells 
stained with the Papanicolaou stain. Most techniques involve the use of various instrumental artifacts, such 
as different colors of light, filters, and color television cameras. Many require a high level of sophistication 
that is costly in terms of hardware and software. Further, these approaches have not proven accurate and 
reliable enough to be widely used in clinical cytological and histological diagnoses. 

25 It is an object of the present invention to provide a method of cellular analysis in which the cells are 
multicolored and the nuclear portion is clearly distinguishable from the cytoplasmic portion both with 
automated equipment and with manual vision analysis. 

It is a further object to provide a method of cellular analysis in which the characteristics of the stained 
cells can be accurately determined with both manual and automated analysis procedures. 

so Other objects of the invention will in part be obvious and will In part appear hereinafter. 

Summary of the Invention 

The method of cellular analysis in accordance with the invention can be used as part of an automated 

36 analysis system and for manual analysis. It entails staining cellular material with a thionin stain that clearly 
contrasts the nuclear portion from the cytoplasmic portion under infrared illumination. In a further step, the 
cellular material is counterstained with a stain that absorbs infrared light at a level distinguishable from that 
of the thionin stain. Another step involves illuminating the stained cellular material with energy in the 
infrared spectrum, and a further step involves imaging the stained cellular material with the output energy 

40 from the interaction of the infrared energy with the stained cellular material. 

. The improvement of this method over the art includes illuminating the cellular material, previously 
stained with the thionin stain, with energy in the infrared spectrum. It has now been found that a mildly 
acidic, organic thionin stain compound can be strongly absorbing in the infrared spectral region when bound 
to nuclear material. This allows physiological parameters of the individual cell components, i.e., size, 

46 configuration and texture, to be distinguished and analyzed under infrared illumination. The imaging step 
preferably includes detecting the output energy with a light-sensing, opto-electric transducing device which 
may include photomultipliers, solid-state photo-detectors, detector arrays, and television cameras. The 
imaging step preferably includes digitizing the transduced image, for computerized analysis and pathologi- 
cal diagnosis of the stained cellular material. 

so The thionin stain used in the method of the invention consists of a thionin salt, which is preferably 
thionin acetate, an organic solvent which is preferably a low molecular weight alcohol and more preferably 
methanol, and a pH buffer. One preferred pH buffer is prepared with glacial acetic acid, distilled water, and 
5N NaOH to about pH 4.9. 

The thionin stain is used in combination with a counterstain that manifests the cytoplasmic portion 

55 under visible light. In one practice of the Invention, the cellular material is stained with the thionin 
compound, rinsed in a low molecular weight alcohol, and then counter-stained with a traditional 
Papanicolaou stain. In another practice of the invention, the counterstain is an eosin-type stain. 

The Papanicolaou stain, when applied to cells stained with the thionin stain, produces the multicolored 

2 
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cells obtained from staining with the traditional Papanicolaou alone. This particular combination of the 
thionin stain and the Papanicolaou stain provides a system useful both for human visual analysis and for 
automated analysis. Further, the automated analysis and characterization of the cell can be carried out 
without the need for costly hardware and/or software. The cytoplasm can be analyzed under visible light 

s and the nucleus can be analyzed under infrared illumination. 

A similar advantage is obtained by staining the cell first with a thionin stain and then with a counterstain 
which is an eosin-type stain. This thionin-eosln stain replaces the traditional H-E (hematoxaiin-eosin) 
histological stain with one that gives the same visual effect as the H-E stain, and has the added advantage 
of distinguishing the nucleus from the cytoplasm under infrared light Incorporating the method of the 

w present invention into conventional counterstaining techniques, such as the Papanicolaou stain and the 
eosin-type stain, produces visible staining patterns familiar to cytologists. The combination has the added 
advantage of being capable of use with an automated cell analysis system to produce reliable and accurate 
results which can be used in pathological procedures including, for example, in the detection of cervical 
cancer. 

15 

Brief Description of the Drawing 

For a fuller understanding of the nature and objects of the invention, reference should be made to the 
following detailed description taken in connection with the accompanying drawings, in which: 
20 FIG. 1 is a flow chart depicting the staining technique of the present invention. 

FIG. 2 is a graph depicting the absorbance and wavelength of the thionin stain alone and of the thionin 
stain bound to the nucleus. 

FIG. 3 is a flow chart depicting the staining technique of the present invention where a Papanicolaou-type 
counterstain is used. 

25 FIG. 4 is a flow chart depicting the staining technique of the present invention where an eosin-type 
counterstain is used. 

Detailed Description 

30 A method of staining cellular material according to the invention provides improved contrast of the 
nucleus from the cytoplasm. The method produces the traditional multicolored cells suitable for manual 
analysis, and is highly effective in automated analysis systems. The method entails the steps of staining the 
cellular material with a thionin stain, counterstaining, illuminating the thionin-stained material with energy in 
the infrared spectrum, and imaging the stained cellular material. 

35 In one practice of the invention, the cells are prepared by the method shown in Fig. 1 . The cells are 
fixed on the slide, step 10, rinsed in two alcohol baths, step 12, and stained with a thionin stain, step 14. 
The stained cells are rinsed in alcohol baths, step 18, and counterstained, step 18. After counterstaining, the 
stained cells are rinsed in alcohol, step 20, and rinsed in xylene, step 22, before the coverslip is applied, 
step 24. 

40 The cells are first fixed on the slide, using alcohol or other methods known in the art, step 10. Then, in 
preparation for staining, the slide is dipped ten times in each of two baths of high percentage, low molecular 
weight alcohol, which is preferably methanol, step 12. The cells are stained in a thionin stain solution, step 
14, for a time sufficient to incorporate the thionin dye in the nuclei, typically about thirty minutes. After 
rinsing by dipping ten times in each of three high percentage, low molecular weight alcohol baths, step 16, 

45 the cells are counterstained, step 18. That is, the cells are stained with one or more dyes that are primarily 
taken up by the cytoplasm. When combined with nuclear material, and at the slightly acidic pH, preferably 
about pH 6.45, thionin dye absorbs infrared light The counterstain is selected to absorb at a different 
wavelength from the thionin-stained nuclear material. After staining and counterstaining, the slide is rinsed 
by dipping in two to four more high percentage, low molecular weight alcohol baths, step 20, and two or 

so more xylene rinses, step 22, before the coverslip is applied, step 24, and the cells are ready to be 
analyzed, step 26. 

When viewed under visible light, the nuclei of the ceils are transparent to opaque and stained a deep 
blue. The cytoplasm is transparent and is multicolored, with the specific color pattern depending on the 
counterstain used. When cells are stained in this manner, the color pattern Is familiar to cytologists, so 
55 analysis can readily be carried out by manual, i.e., human, vision. The method has the added advantage in 
that, when viewed under infrared light, each nucleus is opaque, and the cytoplasm is nearly invisible. With 
the cytoplasm nearly invisible, overlapping cells will not be confused with nuclei, and an accurate cell count 
can be easily achieved, manually or by computer. 

3 
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Solid state television cameras and other opto-electric transducers that are sensitive to infrared energy 
are employed in the next step, 26, to image the output energy from the stained cells. The image can be 
digitized for a completely automated analysis and can aJso be viewed on a display monitor. The nuclear 
components of the cell are distinguishable and the cells can be measured and classified, e.g., as malignant 
5 or as benign. 

The thionin stain and method of staining is believed to be primarily responsible for this phenomenon. 
Thionin alone is not known to absorb Infrared light, nor to do so when mixed as a dye or when bound to the 
nucleus in a Feulgen-type reaction, a highly acidic nudear stain. However, it has been found that a thionin 
stain in a buffered solution with a selective acidic range binds only to the nucleus, and becomes strongly 

to absorbing in the near-infrared range. As shown in Rg. 2 with waveform 28, a thionin stain by itself has 
maximal absorption at 600nm (visible red light), and is almost transparent at around 680nm. When bound to 
the nucleus, however, the spectrum of absorbance extends to longer wavelengths, as indicated with 
waveform 30. Peak absorbance remains at about 600nm, but the nuclear-bound thionin continues to absorb 
into the near-infrared range, and at 780nm, the stained nucleus is absorbing 60 - 70% of its peak. 

15 The thionin stain for practice of the invention can be essentially a thionin salt, an organic solvent, and a 
pH buffer. In one preferred embodiment, the thionin stain is made of approximately 80 parts of solution A 
and approximately 20 parts of solution B (1x Buffer) or Bi {4x Buffer), as prepared according to the 
following Table I. Solution A is prepared by stirring overnight and then filtering over Whatmann No. 5 filter 
paper or equivalent. 

20 

lahls I 

Solution A 

25 

Thionin acetate 
(Aldrich) 

30 Methanol (analytical 

grade) 



0.50 gm 



100 ml 



35 Solution B 

Glacial acetic acid 8 ml 

40 5 N NaOH 18 ml 

Distilled water 

(pH = 4.9) 74 ml 

Solution 61 

Glacial acetic acid 37 ml 

50 5 N NaOH 63 ml 

(pH * 5.24) 

The pH of the thionin solution is preferably approximately 6-7. A thionin stain made of 80 parts solution 
56 A and 20 parts solution B or Bi is slightly acidic at pH = 6.4 +/- 0.1. A stain made with 80 parts solution A 
and 20 parts solution Bi , has a slightly lower pH at 6.43. 

The practice of the Invention may be more clearly seen from the following non-limiting examples. 
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Example I 

Papanicolaou-type Stain 

5 One preferred practice of method of the invention combines the thionln stain with the familiar 
Papanicolaou-type counterstain to attain effective automated analysis. The resultant multicolored stained 
cells, under visible light, are familiar to cytologists. The traditional Papanicolaou stain is difficult for 
automated systems to analyze because the variety of colors it produces with the cytoplasm, e.g., blue, 
green, red, and orange, contrast to varying degrees with the blue stain traditionally used for staining the 

70 nucleus. When this blue stain is omitted, In accordance with the invention, and the thionin stain with its 
unique infrared absorbance is substituted, reliable and accurate automated segmentation, i.e., locating and 
categorizing the nucleus, is relatively simple. The cytoplasm is analyzed under visible light and segmenta- 
tion is performed under infrared light, to which solid state television cameras, solid state photo-detectors, 
and other opto-electric transducing devices are especially sensitive. The resultant image can be digitized, 

75 and a cytological analysis can be carried out by computer. Because the stain appears under visible light 
like the familiar Papanicolaou stain, cytologists can monitor the computerized analysis. 

As shown in Fig. 3, the cells are fixed on the slide, step 32, and then the cells are rinsed, step 34, in 
two separate alcohol baths, prior to staining with a thionin stain, step 36. The stained cells are rinsed in 
three separate alcohol baths, step 38, stained in the OG6 counterstain, step 40, and rinsed in two alcohol 

20 baths, step 42. before staining with an EA solution, step 44. After staining the cells are rinsed in four 
separate alcohol baths, step 46, followed by three xylene rinses, step 48, and a coversllp or other method of 
permanent mount, step 50, completes the staining process. After staining, the stained cells are illuminated 
with infrared light to segment the nucleus, step 52. Imaging step 54 is followed by digitizing step 56 for 
automated analysis. 

25 In this preferred embodiment, the cells are fixed on the slide using an alcoholic fixing solution or other 
methods known in the art, step 32. The cells are rinsed by dipping the slide ten times in each of two 
separate 80% methanol baths, step 34, prior to staining with the thionin stain, prepared according to the 
above method. After staining for approximately thirty minutes in the thionin bath, step 36, the slides are 
rinsed by dipping ten times, in each of three separate 95% ethanol baths, step 38, before staining with an 

30 OG6 solution, step 40. The OG6 stain is known in the art and is commonly used in Papanicolaou stains. A 
commercial OG6 stain (Baxter "SP") works well, or it may be preferably prepared by mixing together the 
ingredients listed in Table If. 

Table XI 



IlMredientB Amounts 

Orange G dye 0.5 g 

Ethanol i 0 o ml 

Acetic acid 1-5 m i 

After staining in the OG6 solution for one minute, the slide is rinsed by dipping ten times In each of two 
95% ethanol baths, step 42, before being stained in an EA solution, step 44. This solution, also well known 
in the art for use in the Papanicolaou staining technique, may be purchased (EA50, Baxter) or prepared by 
mixing the ingredients listed in Table III. 
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15 



35 



40 



Table HI 

Ingredients Amounts 

Eosin Y dye 0.18 g 

Light Green dye 0.07 g 

Phosphotungsic acid 0.30 g 

Ethanol 50 ml 

Distilled water 50 ml 



After staining in the EA solution for three minutes, the slide is rinsed by dipping ten times in each of 
four separate 95% ethanol baths, step 46. This is followed by three xylene rinses, step 48, and then 
followed by coversllpping or other means of permanent mounting known In the art, step 50. 

After staining, the cells are illuminated with infrared light to segment the nucleus, step 52. The output 
20 energy is imaged for cytological analysis, step 54. The image can be digitized and the analysis is carried 
out by computer, step 56. 

Example II 

25 Thionin-eosin Stain 

A second preferred embodiment employs an eosin-type counterstain. When used together, the thionin- 
eosin stain replaces the standard histological stain, the H-E (hematoxylin-eosin) stain, with one that is easy 
to analyze with an automated system. 
30 The fixing, rinsing and thionin staining steps are the same as described above and are shown in Figure 
4, steps 58-62. After the thionin staining step, the cells are rinsed by dipping ten times in each of three 95% 
ethanol baths, step 64. The ceils are stained in an eosin solution, step 66, prepared by mixing the 
ingredients found in Table IV. The rinsing, illumination and imaging steps are carried out as described 
above in Example 1 and shown In Figure 4, steps 68-78. 



Table IV 

Ingredients Amounts 



Eosin Y dye l.o g 

Methanol 80.0 ml 

& Glacial acetic acid 1.6 ml 

Distilled water 18.4 ml 

It will thus be seen that the objects set forth above, among those made apparent from the preceding 
50 description, are efficiently attained and, since certain changes may be made in carrying out the above 
method without departing from the scope of the invention, it is intended that all matter contained in the 
above description shall be interpreted as illustrative and not in a limiting sense. 

It is also to be understood that the following claims are intended to cover all of the generic and specific 
features of the invention herein described, and all statements of the scope of the invention which, as a 
55 matter of language, might be said to fall therebetween. 

Claims 



6 



WEST 



EP 0 445 434 A2 



1. A method of staining cellular material for contrasting the nucleus from cytoplasmic material, for 
producing stained cellular material suitable for automated machine analysis, said method comprising 
the successive steps of 

staining the cellular material with a thlonin stain for attaining at least a selected infrared absorbance 
s by nuclear material, 

counterstaining the cellular material with a stain having an infrared absorbance by cytoplasmic 
material distinguishable from said infrared absorbance of nuclear material with said thlonin stain, 

illuminating the stained cellular material with energy in the infrared spectrum, and 

imaging the stained cellular material in response to output energy from the stained cellular material 
w due to said infrared illumination. 

2. The method of claim 1 wherein said imaging step comprises digitizing said output energy, 

said imaging step further comprising the step of pathologically testing said digitized image 
information, and 

75 wherein said testing step comprises classifying said cellular material. 

3. The method of claim 1 wherein said imaging step includes detecting said output energy with an opto- 
electric transducer including photomultlpliers, solid-state photo-detectors, detector arrays, and television 
cameras. 

20 

4. The method of claim 1 wherein said counterstaining step involves staining with a counterstain 
compound to produce stained cellular material wherein the cytoplasmic material is relatively transparent 
to said Infrared illumination. 

25 5. The method of claim 1 wherein said staining step includes preparing a thionin stain consisting 
essentially of a thionin salt, an organic solvent, and a pH buffer. 

6. The method of claim 5 wherein said organic solvent is selected from the group consisting of low 
molecular weight alcohols. 

30 

7. The method of claim 6 wherein said low molecular weight alcohol is selected from the group consisting 
of methanol, ethanol and isopropyl alcohol. 

8. The method of claim t wherein said infrared illuminating step comprises providing energy In the near 
35 infrared spectrum. 

9. The method of claim 1 wherein said counterstaining step comprises the steps of 

preparing a Papanicolaou-type counterstain consisting essentially of a first staining solution, a 
second staining solution, and alcoholic rinses, 
40 wherein said first staining solution consists essentially of an orange dye, an alcoholic solvent, and 

pH buffer, and 

wherein said second staining solution consists essentially of a green dye, a red dye, a pH buffer, 
and an alcoholic solvent, 

staining the cellular material, subsequent to said thionin-staining step, with said Papanicolaou-type 
45 counterstain, 

illuminating the stained cellular material with energy In the infrared spectrum, and 
imaging the output radiant energy from said stained cellular material in response to said infrared 
illumination. 

so 10. The method of claim 1 wherein said counterstaining step comprises the steps of 

preparing an eosin-type counterstain consisting essentially of an EosJn Y dye, an organic solvent, 
and a pH buffer, 

staining the cellular material, subsequent to said thionin-staining step, with said eosin-type counter- 
stain, 

55 illuminating the stained cellular material with energy in the infrared spectrum, 

imaging the output radiant energy from said stained cellular material in response to said infrared 
illumination. 
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Mutational analysis of Rs-AFP2, a radish antifungal 
peptide belonging to a family of peptides referred to as 
plant defensins, was performed using polymerase chain 
reaction-based site-directed mutagenesis and yeast as a 
system for heterologous expression. The strategy fol- 
lowed to select candidate amino acid residues for sub- 
stitution was based on sequence comparison of Rs-AFP2 
with other plant defensins exhibiting differential anti- 
fungal properties. Several mutations giving rise to pep- 
tide variants with reduced antifungal activity against 
Fusarium culmorum were identified. In parallel, an at- 
tempt was made to construct variants with enhanced 
antifungal activity by substituting single amino acids by 
arginine. Two arginine substitution variants were found 
to be more active than wild- type Rs-AFP2 in media with 
high ionic strength. Our data suggest that Rs-AFP2 pos- 
sesses two adjacent sites that appear to be important for 
antifungal activity, namely the region around the type 
VI /3-turn connecting 0-strands 2 and 3, on the one hand, 
and the region formed by residues on the loop connect- 
ing 0-strand 1 and the a-helix and contiguous residues 
on the a-helix and 0-strand 3, on the other hand. When 
added to F. culmorum in a high ionic strength medium, 
Rs-AFP2 stimulated Ca 2+ uptake by up to 20-fold. An 
arginine substitution variant with enhanced antifungal 
activity caused increased Ca 2+ uptake by up to 50-fold, 
whereas a variant that was virtually devoid of antifun- 
gal activity did not stimulate Ca 2+ uptake. 



During the last decades, it has been recognized that many 
living organisms produce small antimicrobial peptides to pro- 
tect their tissues from infectious microbial agents. Well known 
examples of peptides with antimicrobial properties are the 
cecropins of invertebrates (reviewed in Ref. 1) and magainins of 
amphibians (reviewed in Ref. 2). Another class comprises cys- 
teine-rich peptides, among which are the mammalian and 
insect defensins (3-6), both small, basic proteins with a cys- 
teine-stabilized three-dimensional folding pattern involving 
antiparallel j3-sheets. Insect defensins are produced upon per- 
ception of pathogens by the insect fat body and are secreted in 



* The costs of publication of this article were defrayed in part by the 
payment of page charges. This article must therefore be hereby marked 
"advertisement 7 ' in accordance with 18 U.S.C. Section 1734 solely to 
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the hemolymph (5). Mammalian defensins are present in phag- 
ocytic blood cells and are also produced by epithelial cells of the 
intestines and airways (4). Antimicrobial peptides have also 
been found in plants. Thionins, for instance, are highly basic 
5-kDa peptides toxic to both Gram-positive and Gram-negative 
bacteria, fungi, yeast, and various mammalian cell types (6). A 
number of plant species produce thionins constitutively in their 
seed as well as in their leaves in a pathogen- inducible way (7). 
Other potent antimicrobial peptides found in plants are struc- 
turally related to defensins of mammals and insects and are 
therefore termed plant defensins (8). Plant defensins are small 
cysteine-rich peptides consisting of 45-54 amino acids with 
four intramolecular disulfide bridges. They are encountered in 
different plant species and various tissues such as seed, flow- 
ers, and pathogen-stressed leaves. Comparison of the known 
primary sequences of a series of plant defensins shows that the 
arrangement of the cysteines is highly conserved and reveals 
the existence of a cysteine-stabilized a-helix motif (9), which is 
also present in insect defensin A (10). Their three-dimensional 
structure consists of three antiparallel 0-strands and an a-he- 
lix (11) and is similar to that of insect defensins (5) and some 
scorpion toxins (e.g. charybdotoxin; Ref. 12). Most plant de- 
fensins hitherto isolated exhibit antifungal activity. Some of 
them, for example SIo^ 1 (Sorghum bicolor inhibitor 2 of a-am- 
ylase), are inhibitors of a-amylases but do not inhibit fungal 
growth (13, 14). The plant defensins with antifungal activity 
can be divided in two groups. The first group causes morpho- 
logical distortions of the fungal hyphae resulting in swollen and 
hyperbranched fungal structures (9, 14). The second group 
merely inhibits fungal growth without inducing morphological 
changes. Mode of action studies performed on a representative 
of each class (Rs-AFP2 from radish and Dm-AMPl from dahlia) 
has shown that plant defensins cause rapid ion fluxes upon 
addition to fungal hyphae, resulting in Ca 2+ uptake, K + efflux, 
and medium alkalinization (15). 

In this study we have performed a structure-function anal- 
.ysis of Rs-AFP2, a plant defensin isolated from radish seed and 
member of the plant defensin group causing hyperbranching of 
fungal hyphae. It is the most potent among a number of plant 
defensin isoforms occurring in radish, including Rs-AFPl iso- 
lated from seed and Rs-AFP3 and Rs-AFP4 isolated from in- 



1 The abbreviations used are: SIo/2, S. bicolor inhibitor 2 of a-amy- 
lase; AFP, antifungal peptide; AMP, antimicrobial peptide; PCR, po- 
lymerase chain reaction; MFal, mating factor al; SMF-, synthetic 
medium fungi; SMF+, synthetic medium fungi with addition of 1 mM 
CaCLj and 50 mM KC1; PAGE, polyacrylamide gel electrophoresis. 
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Table I 

Oligonucleotides used for PCR-mediated site-directed mutagenesis of Rs-AFP2 
Restriction sites are underlined; mutation sites are in bold. 



Name Mutation Sequence 



OWR35 

\J TV IJOu 




D - IMjAA 1 A(jC CLjA 1 CGAGATCTAGGAAACAGCTATGACCATG - 3 


KJ VT DuO 




3 - GGAA 1 AGC t-GATLGAG ATCTAGGA - 3 


OWB61 




3 - AA 1 AAG C 1 1 ajGAUAAG AGACAGAAGTTGTGC CAAAGG - 3 


OWB41 


Q5M 


3 AA 1 AAV3V- 1 1 GGAL-AAGAGAt_AGAAG I 1 G 1 bCATGAGGCCAAG - 3 


OWB43 


T10G 


3 - v_V fi/iL? 1 LtvjvjvsIj 1 1 i LLAGG - 3 


OWB45 




3 -GGAGIL. 1G1 AlvaAALAAl AALGC- 3 


OWB46 


X\t3 A VV 


3 - Ci 1 GAGAAATGGCGTGATGGA- 3 


OWB47 


F40M 


3 - IbLAAL 1A1G1 CATGLLAGC i C- 3 


OWB48 




3 -AACIAIGXC1TCGCTCACAAGTG- 3 


OWB49 




3 -TTCCCAGCTCACCZAATGTaTCTG- 3 


OWB50 


Y4ftT 


3 - IGiAIClGwATL.! 1 ILL! IG-3 


OWB77 


I OOu 


3 - 1 L 1 I\jGAA(_GGTGTC 1 1CCC - 3 


OWB162 


I OOn 


3 - I C I I GLAAt-GCTGI CI I CCC- 3 


OWB161 


T10A 


5 ' - CCAAGTGGGGCTTGGTCAGG - 3 ' 


OWB207 


F40A 


5 ' - TGCAACTATGTCGCTCCAGCTCAC - 3 ' 


OWB51 


P7R 


5 ' - TGC CAAAGG AGAAGTGGG ACATGG - 3 ' 


OWB52 


G9R 


5 ' - CCAAGTCGTACATGGTCAGG - 3 ' 


OWB53 


S12R 


5 ' - AC ATGGAGAGG AGTCTGTGG - 3 ' 


OWB54 


I26R 


5 ' - AAT CAGTG CAGAAG AC TTG AG - 3 ' 


OWB55 


L28R 


5 ' - TGCATTAGACGTGAGAAAGCACG - 3 ' 


OWB56 


N37R 


5 ' - TCTTGCAGATATGTCTTCC- 3 ' 


OWB57 


V39R 


5 ' - TGCAACTATCGTTTCCCAGCT- 3 ' 


OWB58 


A42R 


5 ' - GTCTTCCCACGTCACAAGTG - 3 ' 


OWB59 


I46R 


5 ' - CACAAGTG T AGATG CT A C TTTC C - 3 ' 


OWB60 


F49R 


5 ' - ATCTGCTACCGTCCTTGTTAATAG - 3 ' 



fected leaves (8). In order to investigate which amino acids are 
essential for the antifungal activity of Rs-AFP2, we have un- 
dertaken a mutational analysis of this peptide. Information on 
amino acid substitutions resulting in either a decreased or 
enhanced antifungal activity, taken together with preliminary 
data on the three-dimensional configuration of Rs-AFP2, al- 
lows prediction of the sites which possibly interact with the yet 
unknown target site on the fungal hyphae. 

MATERIALS AND METHODS 

Biological Material — DNA manipulations were performed in Esche- 
richia coli strain DH5a. The yeast strain used for expression of the 
Rs-AFP2 variants was Saccharomyces cerevisiae cl3-ABYS86 (geno- 
type: MATa, pral, prb\ y prc\ t epsl, ura3, leu2, his3) (16). The fungal 
strains used for antifungal activity assays were Alternaria brassicicola 
(MUCL 20297), Ascochyta pisi (MUCL 20164), Botrytis cinerea (JHCC 
8973), Fusarium culmorum (IMI 180420), Nectria hematococca (Collec- 
tion van Etten 160-2-2), Phoma betae (MUCL 9916), and Verticillium 
dahliae (MUCL 19210). Authentic Rs-AFP2 was purified from radish 
seed as described previously (17). 

Site-directed Mutagenesis — Mutagenesis of the Rs-AFP2 coding se- 
quence was performed by two sequential polymerase chain reactions 
(PCR) as described in Ref. 18. Primers used in the PCR reaction are 
listed in Table I. In a first PCR, part of the Rs-AFP2 coding sequence 
was amplified using a sense mismatch primer containing the desired 
mutation and primer OWB35, a derivative of the M13 reverse primer 
elongated with a 5' tag (28 cycles; 1 min at 94 °C, 1 min at 55 °C, 1 min 
at 72 °C). For design of the mismatch primer, the yeast preferential 
codon usage was taken into account (19). Ten ng of Puul-linearized 
plasmid pBluescript/RsAFP* (20) was used as a template for the first 
PCR. The amplified product containing the mismatch served as a mega- 
primer to further elongate the Rs-AFP2 sequence (5 cycles; 1 min at 
94 °C, 1 min at 55 °C, 1 min at 72 °C). In a second PCR, this elongated 
fragment was amplified by primer OWB61, binding to the 5' end of the 
Rs-AFP2 gene, and OWB36, an oligonucleotide identical to the 5' tag of 
OWB35 (28 cycles; 1 min at 94 °C, 1 min at 55 °C, 1 min at 72 °C). 
OWB61 contains a restriction site allowing in-frame cloning into the 
Hindlll site in the MFal pro-sequence region of pVD4 (20). Amplifica- 
tion products of the second PCR were digested with//mdIII-BamHI and 
introduced in the corresponding sites of pVD4. After verification of the 
occurrence of the desired mutations by nucleotide sequence determina- 
tion, the expression blocks containing the MFal promoter and prepro- 
sequence followed by the mutated Rs-AFP2 gene were isolated by Sail- 
BamHl restriction digestion and subcloned into the Sa/I-BgUI-digested 
yeast shuttle vector pTG3828 (2 1). After subcloning, the sequence of the 
mutated Rs-AFP2 domain was verified by nucleotide sequencing. Re- 



striction enzymes were purchased from Boehringer Mannheim (Mann- 
heim, Germany), T4 DNA ligase from Life Technologies, Inc. (life 
Technologies, Merelbeke, Belgium), and Taq DNA polymerase from 
Appligene (Pleasanton, CA). DNA sequencing was performed on a Phar- 
macia A.L.F. DNA sequencer using the Auto Read Sequencing Kit 
(Pharmacia, Uppsala, Sweden) according to the manufacturer's 
instructions. 

Heterologous Expression and Purification of Rs-AFP2 Variants— 
Transformation of S. cerevisiae, growth of the yeast cultures, and pu- 
rification of the Rs-AFP2 variants from the culture supernatants were 
essentially done as described previously for native Rs-AFP2 (20). 
Briefly, 250 ml of culture supernatant (minimal selective SD medium: 
0.8 g/liter CSM-URA from BIO 101, La Jolla, CA; 6.5 g/liter yeast 
nitrogen base from Difco; 20 g/liter glucose (Merck); 5 g/liter casamino 
acids from Difco) was passed over an anion-exchange chromatography 
column (Q-Sepharose Fast Flow, Pharmacia) connected on-line with a 
disposable reversed phase C 8 silica column (Bond Elut, 500 mg solid 
phase, Varian, Harbor City, CA). The C 8 silica column was subse- 
quently rinsed with 6 ml of 10%> (v/v) acetonitrile containing 0.1% (v/v) 
trifluoroacetic acid. The Rs-AFP2 variants were eluted from the latter 
column with 4 ml of 30% (v/v) acetonitrile containing 0.1% (v/v) triflu- 
oroacetic acid. After drying in a rotating vacuum concentrator, the 
eluted fractions were purified by reversed-phase chromatography on a 
CJC 18 silica column (Pep-S, 5-jxm beads, 0.4 X 25 cm, Pharmacia). 
Fractions were collected manually, and the elution position of the 
Rs-AFP2 variants was determined by a combination of antifungal ac- 
tivity analysis on F. culmorum in SMF- (synthetic medium fungi; Ref. 
17) and SDS-PAGE analysis. In all cases, elution positions could be 
determined unambiguously. 

Protein Analysis — Sodium dodecyl sulfate-polyacrylamide gel elec- 
trophoresis was carried out according to Ref. 22 using a 15% (w/v) 
acrylamide, 0.5% (w/v) bisacrylamide separating gel and a 5% (w/v) 
acrylamide, 0.1% (w/v) bisacrylamide stacking gel. Gels were either 
stained with Coomassie Brilliant Blue R250 or immunoblotted using 
anti-Rs-AFPl antibodies as described previously (8). Protein concentra- 
tions were determined by the bicinchoninic acid method (23) using 
authentic Rs-AFP2 as a standard. Free cysteine thiol groups were 
determined by the Ellman assay on both reduced and unreduced pro- 
tein samples as described previously (17). Circular dichroism spectra 
were obtained on a Jasco 600 spectropolarimeter with a cell path of 0.02 
cm. Proteins were dissolved at 0.5 mg/ml in distilled water. The spectra 
were acquired in a single scan mode (10 nm/min) in the ultraviolet 
region of 265-185 run. Circular dichroism data were base line-corrected 
and are presented in units of Ae (M" 1 cm" 1 ) (24). 

Large Scale Purification of Rs-AFP2 Variants— Recombinant yeast 
(5. cerevisiae) cells containing vectors for expression of Rs-AFP2(Y38G) 
and Rs-AFP2(V39R), respectively, were grown for 7 days in a fermentor 
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Fig. 1. Comparison of the complete amino acid sequences of various plant defensins. Plant defensins of the first subgroup (I) display 
antifungal activity against F. culmorum with concomitant increased hyphal branching. Plant defensins of the second subgroup (II) display 
antifungal activity without inducing morphological alterations of the fungal hyphae, whereas plant defensins of the third subgroup (III) do not 
show antifungal activity. Residues conserved among all plant defensins are shown in dark gray boxes. Residues conserved among the plant 
defensins of subgroup I or subgroup I and II but not among plant defensins of subgroup III are presented in light gray boxes. The lines above the 
sequence of Rs-AFPl and underneath the sequence of yl-Pur indicate secondary structure elements according to Refs. 37 and 11, respectively. 
Single lines represent /3-strands and double lines a-helices. Abbreviations used are: Rs-AFP, Raphanus sativus antifungal protein; At-AFP, 
Arabidopsis thaliana antifungal protein; Hs-AFP, Heuchera sanguinea antifungal protein; Dm-AMP, Dahlia merckii antimicrobial protein; 
Ct-AMP, Clitoria ternatea antimicrobial protein; SIct> S. bicolor inhibitor of cr-amylase; yl-Pur, yl-purothionin. 



(Biostat E 15 liter) at 25 °C as a batch-fed culture and harvested at a 
final OD of approximately 80. Cells were pelleted by centrifugation at 
3000 X g for 20 min. The supernatants were passed directly over a 
Biopilot S-Sepharose column (15 X 10 cm, Pharmacia) pre-equilibrated 
in 20 mM ammonium acetate, pH 6. A flow rate of approximately 100 
ml/min was maintained using gravity feed. The bound fraction was 
eluted with a single wash of 1 liter of 500 mM ammonium acetate (pH 6) 
and freeze-dried for 3 days to completely remove the ammonium acetate 
salt. The freeze-dried fraction was dissolved in 20 mM ammonium 
acetate and refraction ated by cation exchange chromatography on a 
S-Sepharose Fast Flow column (10 X 2.6 cm, Pharmacia) equilibrated 
in 20 mM ammonium acetate, pH 6. The bound fraction was eluted with 
a linear gradient of 20-500 mM ammonium acetate (pH 6) over 325 min 
at. 3 mlAnin. Proteins were monitored by on-line measurement of ab- 
sorbance at 280 nm. Fractions containing Rs-AFP2 variants were iden- 
tified either by using a standard in vitro antifungal bioassay (see below) 
or by Western blot (see above). Fractions containing the expressed 
peptide were pooled, freeze-dried, and further purified by reversed 
phase high performance liquid chromatography on a Pep-S column 
(CJC^ silica, 25 x 0.93 cm, Pharmacia). Peptides were eluted with a 
linear gradient of 0.1% (v/v) trifluoroacetic acid to 99.9% (v/v) aceto- 
nitrile, 0.1% (v/v) trifluoroacetic acid over 100 min at a flow rate of 3 
ml/min. A single predominant peak of absorbance at 280 nm contain- 
ing the Rs-AFP2 variants was eluted at approximately 20% (v/v) 
acetonitrile. 

Antifungal Activity Assays — The antifungal activity assays were car- 
ried out in microplates as described in Ref. 25. A 2-fold dilution series 
of the protein in sterile water was prepared, and 20 /d of the serial 
dilutions were added to 80 jd of synthetic low ionic strength medium 
(SMF-, Ref. 17) containing 10 4 spores/ml of the test fungus without or 
with the addition of extra salts as indicated under "Results." The plates 
were incubated at room temperature. Growth of the fungi was moni- 
tored microscopically after 24 h and by microspectrophotometry after 
72 h unless otherwise indicated. The protein concentration required for 
50% growth inhibition (IC 50 value) was calculated as described in Ref. 
17. The specific antifungal activity was defined as 1/IC B0 . 

46 Ca 2+ Uptake Measurements — F. culmorum was grown at an inoc- 
ulum density of 5 x 10 4 spores/ml in a 100-ml Erlenmeyer flask placed 
on a rotary shaker (200 rpm). The medium consisted of half-strength 
potato dextrose broth supplemented with 0.5 /iCi of ( 8 HliV-acetyl-D- 
glucosamine/ml (ICN Radiochemicals, Costa Mesa, CA), which merely 
incorporates into the chitin fraction of the fungal cell wall. The 3 H label 
was used as a measure for biomass, allowing to correct for sample to 
sample variations in biomass. After 20 h of incubation at 22 °C, 2 
/iCi/ml 46 CaCl a (ICN Radiochemicals) was added, together with the 
antifungal proteins. After appropriate incubation times, 250-jd samples 
were taken (in quadruplicate) and transferred to wells of a MultiScreen 
Durapore 96-well filtration plate (Millipore, Bedford, MA), placed on a 
MultiScreen vacuum filtration manifold (Millipore). After filtration, 
harvested hyphae were washed four times with 250 fd of 10 mM CaCl 2 . 
Membranes with the hyphae were punched out manually with Multi- 
Screen punch tips (Millipore), and counted for 3 H and 46 Ca in a liquid 



scintillation counter (Wallac 1410, Pharmacia). 

Preliminary Three-dimensional Solution Structure Determination by 
1 H NMR — All 51 residues of Rs-AFPl have been sequence specifically 
assigned following the strategy of Wtithrich (26) using a combination of 
double quantum filtered correlation spectroscopy (DQF-COSY) (27), 
nuclear Overhauser effect spectroscopy (NOESY) (28), and homo- 
nuclear Hartmann-Hahn spectroscopy (H OH AH A) (29) spectra re- 
corded on a Bruker AM-500 (Bruker Analytische Messtechnik, 
Karlsruhe, Germany). These were recorded at a protein concentration 
of 1.3 mM and pH 4.2, in both 9/1 H 2 0/D a O and D 2 0 solutions at two 
different temperatures (304.5 and 313.2 K). The data set at 312.2 K was 
used to extract 775 nuclear Overhauser effect cross-peaks, and 44 3 J inia 
and 62 3 J ap coupling constants. Using the programs CALIBA, HABAS, 
and GLOMSA (30), 775 upper limit constraints, 94 angle constraints, 
and 19 stereospecific assignments were generated. These data, together 
with 13 upper and 13 lower limits for the disulfide bridges and the 
pyroglutamate ring, were used to calculate 500 structures with the 
program DIANA using the REDAC protocol (30) on a SG Crimson 
(Crimson, Mountain View, CA). The 25 best structures, with a root 
mean square deviation of the backbone atoms of all the 51 residues of 
1.15 ± 0.22 A and a root mean square deviation of all the heavy atoms 
of 1.80 ± 0.24 A, were optimized by simulated annealing (31, 32) using 
DISCOVER (AMBER forcefield) and INSIGHT II for visualization (Bio- 
sym Technologies, Inc., San Diego, CA). The root mean square deviation 
of these final structures is 1.33 ± 0.26 A for the backbone atoms and 
1.84 ± 0.28 A for all the heavy atoms. 

RESULTS 

Conception and Production ofR$-AFP2 Variants — Proteins 
belonging to the family of plant defensins have been purified 
and sequenced from a range of taxonomically divergent plant 
species, while others have been identified via cDNA sequencing 
(9). Fig. 1 represents a comparison of the complete amino acid 
sequences of 12 different plant defensins whose antifungal 
activity against F. culmorum has been assessed in our labora- 
tories (8, 14, 17, 33). In terms of biological activity, three groups 
of plant defensins can be discerned: group I, those who are 
inhibitory to F. culmorum and cause increased hyphal branch- 
ing; group II, those inhibitory to F. culmorum without causing 
hyphal deformations; and group III, those not affecting growth 
of F. culmorum at concentrations below 100 /xg/ml. Rs-AFP2, 
the protein studied in this work, belongs to the first group. 

As can be seen from the alignment of the sequences in Fig. 1, 
the pattern of cysteines is totally conserved in all the se- 
quences, as is the glycine residue at position 34 (numbering 
relative to the studied protein Rs-AFP2). Those residues are 
important secondary structure elements and are part of the 
cysteine-stabilized a/3 motif characterized by the sequences 
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Table II 

Antifungal activity of Rs-AFP2 variants 
F. culmorum was grown in a synthetic low ionic strength medium 
(SMF-) and the same medium supplemented with 1 mM CaCl 2 and 50 
mM KC1 (SMF+). Growth of the fiingus was recorded spectrophoto- 
metrically after 72 h to determine IC^ values. Data are given as mean 
of triplicates with standard error. 

IC50 value on F. culmorum in 

Peptide variant medium 

SMF- SMF+ 




Fig. 2. SDS-PAGE analysis of Rs-AFP2 variants. One-jig 
amounts of Rs-AFP2 variants were separated by SDS-PAGE and 
stained by Coomassie Brilliant Blue. The molecular masses of the 
markers are indicated in kDa. 



T 




I 1 1 I 

200 220 240 260 
nm 

Fig. 3. Circular dichroism spectra of Rs*AFP2 variants. Circu- 
lar dichroism spectra were recorded in a scan from 190 to 260 nm for 
seed-purified Rs-AFP2 (solid lines), Rs-AFP2(Y38G) (broken lines), and 
Rs-AFP2(V39R) (dots). The protein concentration was 0.5 mg/ml. 

a high ionic strength (17). Rs-AFPl and Rs-AFP2 only differ at 
two residues (Gln-5 is Glu and Arg-27 is Asn in Rs-AFPl), both 
of which substitutions result in a higher net positive charge of 
Rs-AFP2 versus Rs-AFPl. This suggests that an increase in the 
net charge of Rs-AFP2 by replacement of certain residues with 
arginine might further increase its antifungal activity. The 
positions selected for the arginine substitutions were those that 
show weak conservation among the different plant defensins or 
that are occupied by basic residues in plant defensins other 
than Rs-AFP2 (see Fig. 1). 

For the production of the different Rs-AFP2 variants with 
the desired amino acid substitution, the Rs-AFP2 coding se- 
quence was mutated site-specifically by PCR, fused in frame to 
the yeast mating factor al (MFal) promoter and prepro-se- 
quence (20, 21) and subsequently transferred to yeast via a 
yeast shuttle vector. The different Rs-AFP2 analogues were 
purified from the yeast culture supernatant by a combination of 
ion-exchange chromatography and reverse d-phase chromatog- 
raphy. Using this approach, we have previously shown that 
wild- type Rs-AFP2 can be produced in a correctly processed 
and bioactive form in yeast (20). In total, 19 Rs-AFP2 variants 
were produced and purified in this way (see Table II). The 
purity of the preparations was assessed by SDS-PAGE analy- 
sis. All Rs-AFP2 variants migrated essentially as single bands 
which had the same electrophoretic mobility as wild-type Rs- 
AFP2 (Fig. 2). In addition, all purified proteins were recognized 
by anti-Rs-AFPl antiserum on immunoblots prepared from 
SDS-PAGE gels, confirming their identity as variants of Rs- 
AFP2 (results not shown). 

Two Rs-AFP2 variants, Rs-AFP2(Y38G) and Rs-AFP2(V39R) 
with a substitution of the tyrosine at position 38 by glycine and 
of valine at position 39 by arginine, respectively, were purified 
on a large scale from 15-liter fermentation cultures of the 
appropriate recombinant yeast strains. Circular dichroism 
spectroscopic studies were performed on these variants as well 
as on authentic Rs-AFP2. The circular dichroism spectrum of 
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Rs-AFP2(Q5M) 
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0.2 


5.4 ± 1.2 


Rs-AFP2(T10G) 


11 ± 


4.2 


>100 


Rs-AFP2(G16M) 


2.2 ± 


0.3 


5.0 ± 0.9 


Rs-AFP2(A31W) 


30 ± 


5.0 


>100 


Rs-AFP2(Y38G) 


42 ± 


17 


>200 


Rs-AFP2(F40M) . 


16 ± 


6.7 


54 ± 13 


Rs-AFP2(P41A) 


100 ± 


15 


>200 


Rs-AFP2(K44Q) 


3.6 ± 


0.4 


36 ±9 


Rs-AFP2(Y48I) 


9.3 ± 


1.0 


11 ± 2.0 


Series 2 








Rs-AFP2<P7R) 


6.8 ± 


2.4 


8.8 ± 1.0 


Rs-AFP2(G9R) 


3 ± 


0.5 


3.3 ± 0.6 


Rs-AFP2(S12R) 


3.5 ± 


1.0 


20 ± 6.0 


Rs-AFP2(126R) 


7.2 ± 


0.8 


9.6 ± 3.7 


Rs-AFP2(L28R) 


6.4 ± 


1.4 


>100 


Rs-AFP2(N37R) 


2.8 ± 


0.3 


7.0 ± 1.8 


Rs-AFP2(V39R) 


4.0 ± 


0.2 


3.2 ± 0.3 


Rs-AFP2(A42R) 


4.2 ± 


2.5 


18 ± 5.2 


Rs-AFP2(I46R) 


12 ± 


2.4 


>40 


Rs-AFP2(F49R) 


22 ± 


4.8 


23 ± 3.0 



CXXXC, GZC, and CXC (X stands for any amino acid) (34). 
Other well conserved residues are the serine at position 8, the 
glycine at position 13, and the glutamate at position 29. Those 
conserved residues were not considered for substitution in the 
present study, since it is likely that they play a role in deter- 
mining the structure of the peptide. 

A number of amino acid residues were found to be fully 
conserved among the antifungal plant defensins (group I and 
II) but subject to non-conservative changes in plant defensins 
devoid of antifungal activity (group III). Those residues, 
namely Gln-5, Thr-10, Gly-16, and Ala-31, were considered to 
be suitable candidate residues for site specific mutational anal- 
ysis. Lys-44 and Tyr-48, which are conserved in all group I and 
II plant defensins, except Dm- AMP 1 and Hs-AFPl, respec- 
tively, were also retained for mutational analysis. In addition, 
amino acids that are conserved in group I but not in group II 
could be important for causing the typical morphological defor- 
mation of fungal hyphae, which is characteristic for group I 
plant defensins. These residues comprise Tyr-38, Phe-40, and 
Pro-41 and were likewise selected for mutational analysis. 

A first series of Rs-AFP2 variants was conceived such that 
the amino acid residues selected as discussed above were sub- 
stituted by the corresponding residue of SIa2, a group III plant 
defensin devoid of antifungal activity. Residue Pro-41 was de- 
leted rather than substituted as the loop between the 0-strand 
2 and 0-strand 3 comprising Pro-41 is shorter in group III plant 
defensins than in group I plant defensins and, furthermore, 
contains no proline residue in SIa2. It was expected that some 
of these substitution variants would have a reduced antifungal 
activity versus wild-type Rs-AFP2. 

A second series of Rs-AFP2 variants was conceived in such a 
way that amino acids at selected positions were replaced by the 
basic amino acid residue arginine. The underlying rationale for 
these substitutions is that Rs-AFPl, the near-identical but less 
basic natural analogue of Rs-AFP2, has a lower antifungal 
activity than Rs-AFP2, especially when assessed in media with 
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Rs-AFP2(V39R) was virtually identical to that of Rs-AFP2, 
indicating that neither the substitution itself nor the way the 
variant was synthesized in yeast had imposed alterations of 
backbone secondary structure elements (Fig. 3). Rs-AFP2- 
(Y38G) had a circular dichroism spectrum which was almost 
identical to that of Rs-AFP2, except for a slightly decreased 
steepness of the A€ drop in the 190-208 nm region (Fig. 3). 

Antifungal Activity of Rs-AFP2 Variants — The purified Rs- 
AFP2 substitution variants were assessed for their antifungal 
activity against F. culmorum in two different media: a low ionic 
strength medium called SMF- (17), and the same medium 
supplemented with 1 mM CaCl 2 and 50 mM KCl, called SMF+. 
The presence of salts in the test medium, especially salts with 
divalent cations, is known to reduce the specific antifungal 
activity of Rs-AFP2 (17). Seed-purified as well as yeast- ex- 
pressed wild-type Rs-AFP2 served as controls in the assays. 
The results of these comparative tests, expressed as IC 50 val- 
ues, are presented in Table II. Most of the variants of the first 
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Fig. 4. Cation sensitivity of the antifungal activity of variant 
Rs-AFP2(V39R) compared to wild-type R&-AFP2. Inhibition of the 
growth of F. culmorum caused by 10 jig/ml of yeast-purified Rs-AFP2 
(open circles), seed-purified Rs-AFP2 (closed circles), and Rs- 
AFP2(V39R) (triangles) in a medium consisting of SMF containing 
varying concentrations of CaCl 2 (panel A) and KCl (panel B). 



series (substitutions by corresponding SIa2 residues) showed 
no or only a minor decrease of their antifungal activity in 
medium SMF-, except Rs-AFP2(A31W), Rs-AFP2(Y38G), and 
Rs-AFP2(P41A), which showed a substantial decrease in anti- 
fungal potency. In SMF+, the medium with added salts, a 
significant decrease in antifungal activity was observed for the 
following Rs-AFP2 analogues of the first series: Rs-AFP2- 
(T10G), Rs-AFP2(A31W), Rs-AFP2(Y38G), Rs-AFP2(F40M), 
Rs-AFP2(P41A), and Rs-AFP2(K44Q). On the other hand, the 
substitutions Q5M and G16M resulted in a slight but signifi- 
cant increase in antifungal potency, especially noticeable in 
medium SMF+, whereas the substitution Y48I had little or no 
effect on the antifungal activity. 

In contrast to what was expected, most of the Rs-AFP2 
variants of the second series (arginine substitutions) did not 
show an enhanced antifungal activity compared to Rs-AFP2. In 
some cases, an even lower antifungal activity was observed, 
possibly caused by the unfavorable presence of a positive 
charge at that position or by the absence of a residue necessary 
for interaction with the fungal target. The largest decrease in 
antifungal activity was observed for substitution variants Rs- 
AFP2(L28R) and Rs-AFP2(I46R), whereas variants Rs- 
AFP2(S12R), Rs-AFP2(I42R), and Rs-AFP2(I49R) showed only 
a modest reduction in antifungal activity. However, two Rs- 
AFP2 variants, namely Rs-AFP2(G9R) and Rs-AFP2(V39R), 
were about 2-fold more active than wild-type Rs-AFP2 when 
assessed in SMF+. 

The antifungal activity of Rs-AFP2(V39R) purified from a 
large scale culture of recombinant yeast was further character- 
ized in SMF with increasing Ca 2+ or K + concentrations and 
compared with that of authentic Rs-AFP2 (isolated from seed) 
as well as yeast-purified Rs-AFP2. As is shown in Fig. 4, the 
antifungal activity against F. culmorum of Rs-AFP2(V39R) was 
less reduced by the presence of cations in the growth medium in 
comparison with wild-type Rs-AFP2. Indeed, in the presence of 
5 mM CaCl 2 and at a concentration of 10 /utg/ml, Rs-AFP2(V39R) 
caused complete inhibition of the growth of F. culmorum, 
whereas wild-type Rs-AFP2 was basically inactive under the 
same conditions. At 10 /xg/ml, wild-type Rs-AFP2 was fully 
active against F. culmorum only when the CaCl 2 concentration 
was equal or lower than 1.25 mM. Likewise, the activity of 
wild-type Rs-AFP2 was drastically reduced in the presence of 
100 mM KCl, whereas Rs-AFP2(V39R) was still fully inhibitory 
to F. culmorum at this KCl concentration. 

The potency of Rs-AFP2(V39R) relative to authentic Rs- 
AFP2 was also assessed on a set of seven different phytopato- 
genic fungi in three media differing in ionic strength: SMF-, 
SMF including 1 mM CaCl 2 and 50 mM KCl (SMF+), and SMF 
including 5 mM CaCl 2 and 50 mM KCl. As can be seen from the 
data presented in Table III, the relative antifungal activity of 
the variant was dependent on the test organism. On three fungi 
(F. culmorum, N. hematococca, and V. dahliae), Rs-AFP2(V39R) 
was more active than Rs-AFP2. In the medium SMF+, for 



Table III 

Antifungal activity of the variant Rs-AFP2(V39R) on different fungal strains and in medium SMF with increasing ionic strength. All IC 6Q 
values were recorded after 72 h of growth except for V. Dahlia e and F. culmorum for which IC^ values were determined after 96 h of growth. 

ICqo values (/ig/ml) 



Fungus 




SMF 


SMF 4- 


I mM CaCl a ; 50 mM KCl 


SMF + 5mu CaCl 


2 ; 50 mM KCl 


Rs-AFP2 


Rs-AFP2(V39R) 


Rs-AFP2 


Rs-AFP2(V39R) 


R8-AFP2 


Rs-AFP2(V39R) 


A. brassicicola 


3.2 


2.5 


>50 


50 


>100 


>100 


A. pisi 


1.9 


2.0 


>50 


>50 


>100 


>100 


B. cinerea 


1.8 


1.6 


>50 


>50 


>100 


>100 


F. culmorum 


2.1 


2.2 


4.6 


2.3 


22 


7 


N. haematococca 


2 


2.1 


48 


9 


>100 


62 


P. betae 


0.9 


1.4 


14 


40 


27 


70 
6 


V. dahliae 


1 


0.4 


11 


2.3 


50 
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instance, Rs-AFP2(V39R) was about 2-, 5-, and 5-fold more 
potent than Rs-AFP2 against F. culmorum, N. hematococca 
and V. dahliae, respectively. As in this medium neither Rs- 
AFP2 nor Rs-AFP2(V39R) inhibited growth of A brassicicola, 
A pisi, or B. cinerea at concentrations below 50 ^tg/ml, the 
highest concentration tested, no difference in antifungal po- 
tency could be observed for these fungi. However, on P. betae, 
Rs-AFP2(V39R) was less potent than Rs-AFP2. The differences 
in antifungal potency between Rs-AFP2(V39R) and Rs-AFP2 
were always more pronounced in the SMF media with added 
salts than in the low ionic strength medium SMF-. 

Effect ofRs-AFP2 Variants on Ca 2 + Uptake by Fungi^- Al- 
though the precise molecular target of Rs-AFP2 on fungal 
hyphae is not yet known, recent work in our laboratory has 
shown that Rs-AFP2 causes very rapid ion fluxes, including 
increased Ca 2+ uptake, when added to fungal hyphae (15). To 
investigate whether the ability of Rs-AFP2 to stimulate Ca 2+ 
uptake in fungi is linked to its antifungal effect, 45 Ca 2+ uptake 
was measured in F. culmorum treated with different concen- 
trations of either Rs-AFP2, the virtually inactive variant Rs- 




100 



Cone, of Rs-AFP2 variant (fjM) 



Fig. 5. Stimulation of 45 Ca 2+ uptake in F. culmorum by Rs- 
AFP2 variants. Yeast-purified Rs-AFP2 {circles), Rs-AFP2(Y38G) 
(squares) , and Rs-AFP2(V39R) (triangles) were added to a suspension of 
F. culmorum (~1 mg biomass dry weight/ml) in half-strength potato 
dextrose broth supplemented with 1 mM MgCl 2 and 50 mM KC1, and 
4B Ca 2+ uptake was measured 30 min upon addition of the proteins. 
Values are expressed as relative (in %) to 4e Ca 2+ uptake of a suspension 
treated with water and are means of four replicates. 



AFP2(Y38G), and the variant with increased antifungal po- 
tency, Rs-AFP2(V39R). The medium used for this test consisted 
of half-strength potato dextrose broth supplemented with 1 mM 
MgCLg and 50 mM KC1. As shown in Fig. 5, Rs-AFP2 caused a 
dose-dependent increase of 46 Ca 2+ uptake, which at a dose of 
100 ug/ml reached a level that was about 20-fold higher rela- 
tive to water-treated controls. At the same dose, Rs-AFP2- 
(V39R) stimulated 45 Ca 2+ uptake by over 50-fold, and the 
higher 46 Ca 2+ uptake stimulation of Rs-AFP2(V39R) versus 
wild-type Rs-AFP2 was observed over the whole concentration 
range tested. In marked contrast, however, addition of the 
variant Rs-AFP2(Y38G) with impaired antifungal properties 
resulted in 46 Ca 2+ uptake rates that fluctuated around the 
levels observed for water-treated control cultures. 

DISCUSSION 

A structure-activity analysis of Rs-AFP2, a plant defensin 
from radish causing growth inhibition of fungal hyphae (17), 
was carried out in order to investigate which residues are 
important for antifungal activity of the peptide. Candidate 
amino acid residues were considered to be those conserved 
among plant defensins exhibiting antifungal activity but not 
among those devoid of antifungal activity as outlined in Fig. 1. 
Following this rationale, we have chosen to produce a series of 
nine Rs-AFP2 analogues in which particular amino acid resi- 
dues were changed to the corresponding residue of the plant 
defensin SIa2, which does not display antifungal activity. Res- 
idue Pro-41 was deleted rather than substituted as the loop 
encompassing this residue is shorter in SIa2 than in Rs-AFP2. 
A second series of Rs-AFP2 variants was aimed at increasing 
the net positive charge (at physiological pH) of Rs-AFP2 by 
substituting particular residues by an arginine at various non- 
conserved positions along the Rs-AFP2 sequence. This ap- 
proach was inspired by the fact that Rs-AFP2, which has a 
higher net positive charge than Rs-AFPl, has a 2-30-fold 
higher activity relative to Rs-AFPl (17). 

Wild-type and variant peptides were produced in yeast and 
purified using identical chromatographic procedures. After the 
last purification step consisting of reversed phase chromatog- 
raphy, the different peaks were assayed for antifungal activity 
in order to identify the elution position of the Rs-AFP2 variant. 
All peptides showed similar retention times. When analyzed by 
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Fig. 6. Stereoview of Rs-AFPl with indication of the position of residue AIa-31. The atoms of residue Ala-31 are shown as black balls 
while the atoms of the disulfide linkages are shown as white balls. 
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Fig. 7. Relative specific antifungal activity of the Rs-AFP2 variants as determined against F. culmorum in medium SAIF+. The 

specific antifungal activity (1/IC S0 ) of Rs-AFP2 was set at 100. Bars without indication of standard deviation represent maximum values; actual 
values may be even lower. 



SDS-PAGE, all variant peptides showed the same electro- 
phoretic mobility as wild- type Rs-AFP2, indicating that they 
have approximately the same size. The structural conformation 
was studied into more detail by circular dichroism spectroscopy 
for the variants Rs-AFP2(V39R) and Rs-AFP2(Y38G). In the 
case of Rs-AFP2(V39R), the circular dichroism spectrum was 
virtually identical to that of Rs-AFP2, whereas the spectrum of 
Rs-AFP2(Y38G) showed a slightly altered spectrum in the 
190-280 nm region. This alteration is most probably due to the 
conformational flexibility of glycine within a polypeptide chain. 
The presence of glycine in the type VI /3-turn connecting 
0-strand 2 and 0-strand 3 may entail some relaxation of this 
region and loosen the packing of the 0-sheet. The conformation 
of the other variants was not verified, but the absence of free 
thiol groups indicated that the disulfide bridges had formed. 

Within the first substitution series, variants that showed a 
clearly reduced activity on F. culmorum were Rs-AFP2(T10G), 
Rs-AFP2(A31W), Rs-AFP2(Y38G), Rs-AFP2(F40M), and Rs- 
AFP2(P41A). The importance of the residues at positions 10, 
38, and 40 is underscored by our observation that substitution 
variants in which those residues were replaced by an alanine 
showed a similar drop in antifungal activity. 2 In the second 
series, consisting of arginine substitution variants, additional 
variants were identified that displayed reduced antifungal 
activity, namely Rs-AFP2(S12R), Rs-AFP2(L28R), Rs-AFP2- 
(A42R), and Rs-AFP2(I46R). It is not clear whether the reduc- 
tion in antifungal activity of these variants was due to the 
unfavorable presence of an extra charge or to the replacement 
of an amino acid essential for the antifungal activity. 

Remarkably, the loss in antifungal potency in all these cases 
was less noticeable in the low ionic strength medium than in 
the medium supplemented with 1 mM CaCl 2 and 50 mM KC1. 
This may be explained by assuming that the interaction be- 
tween Rs-AFP2 and its putative receptor on fungal hyphae is 
based both on ionic interactions and non-ionic stereospecific 
interactions. Upon increasing the ionic strength of the medium, 
the ionic interactions with the putative receptor are weak- 
ened due to competition between Rs-AFP2 and inorganic 
cations. In the case where non-ionic stereospecific interac- 
tions are weakened due to an unfavorable substitution, the 
overall interaction is also expected to become more suscepti- 
ble to ionic competition. 

The two most interesting Rs-AFP2 analogues of the arginine 
substitution series are Rs-AFP2(G9R) and Rs-AFP2(V39R). Al- 



2 G. W. De Samblanx, unpublished observations. 



though these variants show no significantly increased activity 
onF. culmorum in the low ionic strength medium, their activity 
on this fungus is much less influenced by the presence of 
cations in comparison with wild- type Rs-AFP2. This is again 
consistent with our model, which predicts that the interaction 
between Rs-AFP2 and its putative receptor is based both on 
ionic and non-ionic interactions. Introducing an extra charged 
residue at positions 9 or 39 may reinforce the ionic interactions, 
leading to variants that are at an advantage in competing with 
cations for binding at the putative receptor site. 

The relative antifungal potency of the arginine substitution 
variant Rs-AFP2(V39R) compared to Rs-AFP2 appeared to be 
dependent on the test fungus. Rs-AFP2(V39R) was more active 
on F. culmorum, N. hematococca y and V. dahliae (three taxo- 
nomically related fungi belonging to the family Nectriaceae), 
but less active on P. betae. This suggests that the putative 
receptor on hyphae of different fungal species may reveal con- 
formational or compositional differences. 

As relatively high ionic strength conditions occur in all plant 
cell compartments (17), Rs-AFP2 variants such as Rs- 
AFP2(G9R) and Rs-AFP2(V39R) displaying a decreased cation 
antagonism in their activity against some phytopatogenic fungi 
could be useful for plant transformation experiments aimed at 
obtaining disease-resistant crops. We have previously shown 
that transgenic tobacco plants expressing wild-type Rs-AFP2 
are more resistant to the fungal pathogen Alternaria longipes 
than untransformed plants (8). Further enhancement of the 
resistance level may be achieved through the expression of 
either Rs-AFP2(G9R) or Rs-AFP2(V39R) in transgenic plants. 

We have previously shown that Rs-AFP2 stimulates Ca 2+ 
uptake by fungal hyphae, an effect that can be observed within 
minutes after addition of the peptide (15). This stimulation of 
Ca 2+ uptake may be part of the responses triggered by the 
interaction of Rs-AFP2 with its putative receptor. Our results 
now seem to indicate that antifungal activity and ability to 
trigger enhanced Ca 2+ uptake are correlated. Indeed, the var- 
iant Rs-AFP2(Y38G), which is virtually devoid of antifungal 
activity in presence of inorganic salts, was unable to stimulate 
Ca 2+ uptake in F. culmorum. On the other hand, the arginine 
substitution variant Rs-AFP2(V39R) displaying enhanced an- 
tifungal potency caused about 2.5-fold higher Ca 2+ uptake than 
Rs-AFP2. Controlled Ca 2+ influx is believed to be essential for 
directing polar growth at the tip of fungal hyphae (35). For 
pollen tubes, which like fungal hyphae grow at their tip, it has 
been documented that various treatments resulting in elevated 
cytosolic Ca 2+ levels invariably lead to growth arrest (36). 
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FlG. 8. Three-dimensional representation of Rs-AFP2 with indication of the residues affecting antifungal activity when substi- 
tuted. The Rs-AFPl molecule is represented in four orientations obtained by rotations of 90° about the vertical axis, with the ribbon presentation 
of the backbone at the top and the corresponding space-filling models at the bottom. The residues that caused a reduction of the antifungal activity 
in the medium SMF+ by more than 4-fold when substituted are shown in dark blue (Thr-10, Leu-28, Tyr-38, Phe-40, Lys-44, Ile-46), and those 
which caused a reduction between 2- and 4-fold when substituted are indicated in light blue (Ser-12, Ala-42, Phe-49). The residues that enhanced 
the antifungal activity by more than 2-fold when substituted by arginine are marked in red (Gly-9, Val-39). Residue Ala-31, which is likely to entail 
major conformational changes in the backbone structure when substituted by tryptophan, and the deleted residue Pro-41 are indicated in green. 



The three-dimensional structure of Rs-AFPl has been stud- 
ied by two-dimensional 1 H NMR, which has revealed that Rs- 
AFPl consists of an a-helix (Asn- 18 -Leu-28) and a triple- 
stranded antiparaUel j3-sheet (0-strand 1: Lys-2-Arg-6; 
0-strand 2: His-33-Tyr-38; /3-strand 3: His-43-Pro-50) (Fig. 6; 
Ref. 37). Meanwhile, the structure of Rs-AFPl has been refined 
down to a root mean square deviation of 1.60 A for all heavy 
atoms of the backbone, and the results of this refinement will 
be presented elsewhere. Since Rs-AFPl is near-identical to 
Rs-AFP2, it is assumed that it adopts the same conformation. 
The spatial orientation of the residues affecting the antifungal 
activity of Rs-AFP2 upon substitution was analyzed using the 
high resolution structure of Rs-AFPl. According to the Rs- 
AFPl model, all residues substituted in the present study do 
face outwards of the peptide backbone and are therefore un- 
likely to be essential for structure stabilization. The only ex- 
ception is residue Ala-31, which is positioned at the interior 
face of the hairpin loop connecting the a-helix to /3-strand 2 
(Fig. 6). Substitution of Ala-31 by a bulky tryptophan residue in 
Rs-AFP2(A31W) most probably results in a conformational dis- 
tortion, which might explain the drastic reduction of the anti- 
fungal activity of this variant. In addition, deletion of Pro-41, 
which adopts a cis-configuration in Rs-AFPl as part of a type 
VI 0-turn, is also likely to entail a distortion of at least the 
domain encompassing the second and third j3-strand and the 
interconnecting type VI /3-turn. 

A graphical overview of the specific antifungal activity de- 
termined on F. culmorum of the different amino acid substitu- 
tion variants when assayed in high ionic strength medium is 
provided in Fig. 7. When those residues affecting the antifungal 
activity are visualized on a three-dimensional model (Fig. 8), it 
becomes apparent that they all cluster into two adjacent sites. 
A first site is formed by the residues Tyr-38, Phe-40, Pro-41, 
Ala-42, Lys-44, and Ile-46. Except for Pro-41 and Lys-44, aU 
those residues are highly hydrophobic. When Lys-44 was sub- 
stituted by the neutral residue Gin, a substantial decrease of 
the antifungal potency was observed, suggesting that a positive 



charge within this predominantly hydrophobic cluster is im- 
portant for the antifungal activity. This is further substanti- 
ated by the observation that the introduction of an additional 
positive charge within this site at position 39 resulted in en- 
hanced antifungal activity in the presence of inorganic salts. 
The second site is formed by Thr-10, Ser-12, Leu-28, and Phe- 
49, which form a patch of contiguous residues despite their 
scattered positions along the Rs-AFP2 sequence (Fig. 7). Here 
again, introducing a positive charge within the cluster, namely 
at position 9, resulted in an enhanced antifungal potency in the 
high ionic strength medium. 

The two regions important for the antifungal activity of 
Rs-AFP2 might constitute two sites contacting a single puta- 
tive receptor. Alternatively, the presence of two sites could be 
indicative of two binding sites on each of two receptor mole- 
cules. The latter possibility has been proposed in a model for 
the interaction between the human growth hormone and its 
receptor (38). In the case of the human growth hormone, a 
mutational analysis has also revealed two domains that are 
involved in the interaction with the human growth hormone 
receptor. Each of the two domains interacts with a receptor 
molecule, entailing receptor dimerization, the initial trigger in 
the signal transduction pathway (39). The physiological mean- 
ing of the two functional sites of Rs-AFP2 will remain an open 
question until its putative receptor has been identified and 
characterized. 
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Treatment of hyphae of Neurospora crassa with anti- 
fungal plant defensins, i.e. Rs-AFP2 and Dm-AMPl iso- 
lated from radish and dahlia seed, respectively, induced 
a rapid K + efflux, Ca 2+ uptake, and alkalinization of the 
incubation medium. The Rs-AFP2-induced alkaliniza- 
tion of the incubation medium could be inhibited with 
G-protein inhibitors. a-Hordothionin, an antifungal thi- 
onin from barley seed, caused a sustained increased 
Ca 2+ uptake at subinhibitory concentrations but only a 
transient increased uptake at inhibitory concentra- 
tions. a-Hordothionin also caused increased K + efflux 
and alkalinization of the medium, but these fluxes oc- 
curred more rapidly compared to those caused by plant 
defensins. Furthermore, a-hordothionin caused perme- 
abilization of fungal hyphae to the non-metabolite 
a-aminoisobutyric acid and, in addition, altered the 
electrical properties of artificial lipid bilayers, consist- 
ently leading to rupture of the lipid bilayers. The plant 
defensins did not form ion-permeable pores in artificial 
membranes and did not exhibit substantial hyphal mem- 
brane permeabilization activity. Our results are consist- 
ent with the notion that thionins inhibit fungal growth 
as a result of direct protein-membrane interactions, 
whereas plant defensins might act via a different, pos- 
sibly receptor-mediated, mechanism. 



To defend themselves against microbial attack or injury, 
multicellular organisms produce a battery of antimicrobial pep- 
tides and proteins. Many of these peptides and proteins possess 
broad antimicrobial activity against Gram-positive and/or 
Gram-negative bacteria, fungi, or enveloped viruses (1). To 
date, several types of antimicrobial peptides have been iso- 
lated, and their structures have been fully or partially charac- 
terized. One type of these antimicrobial peptides is small (3-5 
kDa), basic, and rich in cysteine. Well studied examples of such 
cysteine-rich antimicrobial peptides are the insect defensins 
and mammalian defensins. Insect defensins (34-43 residues; 
three disulfide bridges) are produced by the insect fat body and 
secreted in the hemolymph (2). They consist of three distinct 
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domains: an amino- terminal loop; an amphipathic a-helix; and 
a carboxyl- terminal, double-stranded, antiparallel 3-sheet (3). 
Insect defensins have been shown to disrupt the permeability 
of the cytoplasmic membrane of Micrococcus luteus, resulting 
from the formation of voltage-dependent ion channels in the 
cytoplasmic membrane (4). Mammalian defensins (29-34 
amino acids; three disulfide bridges) are produced by various 
specialized cells in the mammalian body (5,6). Their structure 
is dominated by three antiparallel /3-strands stabilized by three 
disulfide bridges (7). Mammalian defensins have been shown to 
form voltage-dependent, weakly anion-selective channels in 
planar lipid bilayer membranes, and it was suggested that this 
channel-forming ability contributes to the antimicrobial prop- 
erties observed in vivo (8) . 

Recently, plant defensins (45-54 amino acids; four disulfide 
bridges) have been identified as a novel family of cysteine-rich 
peptides occurring in different plant species (reviewed in Ref. 
9). The three-dimensional structure of plant defensins is dom- 
inated by a triple-stranded, antiparallel /3-sheet and a single 
a-helix lying in parallel with the 0-sheet (10, 1 1). The a-helix is 
connected to the second 3-sheet via a so-called cystine-stabi- 
lized a-helix motif. Plant defensins are structurally related to 
insect and mammalian defensins, except that insect defensins 
lack the domain corresponding to the amino-terminal 0-strand 
of plant defensins and that mammalian defensins lack the 
cystine-stabilized a-helix motif. Several members of the plant 
defensin family inhibit the growth of a broad range of fungi at 
micromolar concentrations but are nontoxic to mammalian 
cells (12-15). At least in radish, it has been shown that an 
antifungal plant defensin is induced in leaves upon challenge 
with fungal pathogens, suggesting a role in plant defense (16). 

Another group of small cysteine-rich, highly basic peptides, 
that are thought to play a role in the protection of plants 
against microbial infection, are the thionins (17). They occur in 
the seed endosperm, stems, roots, and in etiolated or pathogen- 
stressed leaves of a number of plant species (18). Their three- 
dimensional structure can be represented as a compact 
T-shaped molecule. The vertical stem consists of a pair of an- 
tiparallel a-helices, and the horizontal arm consists of a short 
antiparallel 0-sheet (19). Thionins are toxic to either Gram- 
positive or Gram-negative bacteria, fungi, yeasts, and various 
mammalian cell types. Toxicity requires an electrostatic inter- 
action of thionins with the negatively charged membrane phos- 
pholipids, followed by either pore formation or a specific inter- 
action with a certain domain in the membrane (reviewed in 
Ref. 20). The purely electrostatic interaction of thionins with 
membranes, the first step in the exposure of toxicity, can be 
inhibited by divalent cations, eg. calcium (21). The specific 
interaction of thionins with certain phospholipids, mediating 
transduction of cellular signals in eukaryotes, can explain the 
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release of specific compounds and the activation of calcium 
channels and specific enzymes upon thionin treatment of mam- 
malian cells (20). 

In this study, we have analyzed the membrane responses of 
Neurospora crassa, a saprophytic soil fungus, induced by an 
antifungal thionin, i.e. a-hordothionin (or-HT 1 ) from barley 
seed, and by two antifungal plant defensins, Rs-AFP2 and 
Dm-AMPl. Rs-AFP2 and Dm- AMP 1 belong to two different 
subgroups of plant defensins, grouped according to the morpho- 
geny effects caused on treated fungal hyphae. Rs-AFP2, an 
antifungal peptide isolated from the seed of radish (Raphanus 
sativus) (12), belongs to the " mo rp biogenic" plant defensins that 
cause reduced hyphal elongation with a concomitant increase 
in hyphal branching. Dm-AMPl, on the other hand, an anti- 
fungal peptide isolated from the seed of dahlia (Dahlia merckh) 
(15). belongs to the "nonmorphogenic" plant defensins that slow 
down hyphal extension but do not induce marked morphologi- 
cal distortions (9, 15). 

EXPERIMENTAL PROCEDURES 

Materials— Rs-AFP2 and Dm-AMPl were isolated as described pre- 
viously by Terras et a]. (12) and Osborn et al. (15), respectively. a-HT 
was isolated as described by Terras et al. (13). 45 CaCl 2 , [ 3 H1AT-Aceryl- 
D-glucosamine and [ l4 C] a-aminoisobutyric acid were purchased from 
ICN Radiochemicals (Costa Mesa, CA). Nucleotides [ATP7S, GDP/3S 
and GTPyS] were obtained as lithium salts from Boehringer Mannheim 
(Laval, Quebec, Canada), and carbendazime was from Aldrich (Milwau- 
kee, WI). All chemicals were of reagent grade and were obtained from 
commercial sources. 

Antibiotic Activity Assay— Antifungal activities of protein samples 
were assayed by microspectrophotometry as described previously (12, 
22). Briefly, in a well of a 96-well microplate, 1 0 pA of the protein sample 
were mixed with 90 jxl of Synthetic Medium Fungi (SMF) (12) contain- 
ing fungal spores. In the case of testing growth inhibition on pregermi- 
nated spores, 90 /il of the appropriate growth medium containing fungal 
spores were incubated for 20 h. After this period, 10 jil of the protein 
sample were added. Growth was recorded after 48 h of further incuba- 
tion at 22 °C. The absorption at 595 nm served as a measure for 
microbial growth (12). IC 50 s (i.e. the concentration of the antifungal 
protein that is required to inhibit 50% of the fungal growth) were 
calculated from dose-response curves with 2 -fold dilution steps. The 
following strains were used: Neurospora crassa MUCL 19026 and Fu- 
sarium culmorum MUCL 30162. 

45 Ca 2 * Uptake Measurements — N. crassa and F. culmorum were 
grown at inoculum densities of 3 X 10 s and 5 X 10 4 spores/ml, respec- 
tively, in a lOO-ml Erlenmeyer flask placed on a rotary shaker (200 
rpm). The medium consisted of SMF supplemented with 0.5 jtCi of 
[ 3 H]Af-acetyl-D-glucosamine/ml, which merely incorporates into the 
chitin fraction of the fungal cell wall. The 3 H label was used as a 
measure for biomass, allowing to correct for sample to sample varia- 
tions in biomass. After 20 h of incubation at 22 °C, 2 jiCi/ml 45 CaCl 2 
were added, together with the antifungal proteins. After appropriate 
incubation times, 250-jil samples were taken (in quadruplicate) and 
transferred to wells of a MultiScreen Durapore 96-well filtration plate 
(Millipore, Bedford, MA) placed on a MultiScreen vacuum filtration 
manifold (Millipore). After filtration, harvested hyphae were washed 
four times with 250 /aI of 10 mM CaCl 2 . Membranes with the hyphae 
were punched out manually with MultiScreen punch tips (Millipore) 
and counted for 3 H and 45 Ca in a liquid scintillation counter (Wallac 
1410; Pharmacia, Uppsala, Sweden). Background counts (membranes 
without hyphae) were negligible. To relate the 3 H counts to biomass, a 
10-ml sample of the culture was filtered on a preweighted Millipore 
glass fiber filter, dried in a vacuum dessicator, weighed, and counted for 
3 H. 

Hyphal Membrane Permeabilization Assay— N. crassa or F. culmo- 
rum were grown at an inoculum density of 3 X 10 s and 5 X 10 4 
spores/ml, respectively, in SMF supplemented with 0.5 jxCi of [ 3 H]M 



1 The abbreviations used are: or-HT, a-hordothionin; Rs-AFP2, anti- 
fungal peptide isolated from seed of radish {Raphanus sativus); Dm- 
AMPl, antimicrobial peptide isolated from seed of dahlia {Dahlia mer- 
ckh): SMF, synthetic medium fungi; GTP-yS, guanosine S'-O- 
(thiotriphosphate); GDP0S. guanosine 5'-a(thiodiphosphate); ATP-yS, 
adenosine 5' -0-{th\o triphosphate). 



acetyl-D-glucosamine/ml. After 20 h of incubation, 0.5 /iCi of [ 14 C]o> 
aminoisobutyric acid/ml was added. After an additional incubation of 
3 h to allow loading of the hyphae with ( I4 C1 a-aminoisobutyric acid, 
250-jil samples were taken and transferred to wells of MultiScreen 
Durapore 96-well filtration plates (Millipore) placed on a MultiScreen 
vacuum filtration manifold (Millipore). After filtration, hyphae were 
washed three times with 250 yA of 10 mM a-aminoisobutyric acid. The 
washed hyphae were then resuspended in 250 y\ of SMF containing 
antifungal proteins. After 3 h of incubation in the presence of the 
proteins, mycelial suspensions were filtered, and the supernatants were 
collected into a 96-well micro titer plate and counted for 3 H and 14 C. The 
harvested hyphae were washed three times with 250 yA of 10 mM 
a-aminoisobutyric acid. Membranes with the hyphae were punched out 
manually with MultiScreen punch tips (Millipore) and counted for 3 H 
and ,4 C. 

IC Efflux and External pH Measurements— Twenty-hour-old myce- 
lial suspensions of N. crassa and F. culmorum, grown in SMF at 
inoculum densities of 3 X 10 s and 5 X 10 4 spores/ml, respectively, were 
centrifuged at 3000 X g for 5 min at 20 °C and resuspended after 
centrifugation in a solution containing 150 yM unbuffered Tris (hy- 
droxymethyl)aminome thane hydrochloride and 10 g/liter glucose. The 
potassium efflux was monitored by measuring the potassium concen- 
tration in the medium with a potassium/valinomycin-selective electrode 
(Radiometer, Copenhagen, Denmark) as described previously (23, 24), 
with continuous stirring of the suspension with a magnetic stirring bar. 
Potassium concentration measurements over time were corrected for 
electrode drift. 

The pH of the suspension was measured using a pH electrode con- 
taining protelyte as an electrolyte (Hamilton, Bonaduz, Switzerland), 
attached to a microprocessor pH meter (pH 537; WTW, Weilheim, 
Germany) with a chart recorder (S.E. 120; ABB GOERZ, Vienna, 
Austria). 

To determine the stoichiometry between induced H + and K + fluxes, 
the potassium efflux and extracellular pH of the mycelial suspensions 
were simultaneously monitored over a period of 10 min after the addi- 
tion of the antifungal proteins, as described above. Net H + fluxes were 
determined by titration of the mycelial suspension with 10 mM HC1 to 
the pH of the suspension before addition of the antifungal proteins, 
which allowed calculation of H + :K + ratios. 

Membrane Potential Measurements of N. crassa— Discs (0.2 X 0.2- 
cm) of mycelium were taken from the periphery of a N. crassa culture 
grown on potato dextrose agar (Difco, Detroit, MI). Each disc was placed 
mycelial side down on a 1 X 1 -cm abraded cellophane square (British 
Cellophane Ltd.) laid on a Petri dish containing potato dextrose agar. 
Incubation was at 23 °C overnight. 

Intracellular microelectrodes were made from single borosilicate 
glass capillaries with an inner filament and outside diameter of 1 mm 
(GC 100F-15; Clark Electromedical Instruments, Reading, United 
Kingdom). The capillaries were pulled to yield a micropipette with a tip 
diameter of <0.5 y.m (Kopf vertical pipette puller, model 750; Tujunga, 
CA). Micropipettes were back-filled with 1 M KC1 just prior to use. These 
microelectrodes had resistances of 80-120 Mfi. 

The recording chamber consisted of a Petri dish (35 X 10 mm; 
Corning, New York, NY) in which a hole (18-mm diameter) was milled 
in the center of the dish. A glass coverslip was pasted over the hole with 
transparent silicone resin (Sylgard; Dow Corning, Wiesbaden, Germa- 
ny), creating a recording chamber with a volume of ~1 ml. Just before 
starting the experiments, a cellophane square containing the mycelium 
was secured onto the coverslip with high vacuum grease (Corning) and 
covered with bathing medium (SMF). 

The recording chamber was placed on a fixed stage microscope, and 
cells were viewed with a X40 long working distance objective. Micro- 
electrode manipulations were performed with a hydraulic micromanip- 
ulator (Narishige, Tokyo, Japan). Potentials were measured against an 
earthed reference chamber, containing a AgfAgCl pellet and filled with 
1 M KC1. All potentials were monitored using a WPI amplifier (World 
Precision Instruments Inc., New Haven, CT) and a Gould model (DSO) 
420 oscilloscope (Gould, Ilford Essex, United Kingdom). 

Pore-forming Activity of the Antifungal Proteins— The pore-forming 
activity of the antifungal proteins was assayed by the planar lipid 
bilayer technique. Phosphatidylcholine, phosphatidylethanolamine, 
phosphatidylinositol, phosphatidyls erine, and cholesterol (Sigma) or 
asolectin (Sigma) and cholesterol were dried under a nitrogen stream 
and suspended in n-decane at a concentration of 20 mg (lipid:cholesterol 
(80:20))/ml. Mueller-Rudin bilayers were formed from the lipid solu- 
tions in /3-decane in a cell consisting of two compartments connected by 
an aperture of 0.25-mm diameter. A symmetrical solution containing 10 
mM Hepes/KOH (pH 7.2) and 100 mM KCl was used for recordings. 
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Different concentrations of antifungal proteins were added to the cis 
chamber (3 ml). All experiments were carried out at room temperature 
(22 °C). Current was filtered at 1 kHz through a four-pole Bessel filter, 
recorded on digital audiotapes using a DTR 1200 (Biologic, Claix, 
France), and digitized using a Digidata 1200 and Axotape software 
(Axon Instruments, Forster City, CA). 

Ion channel activity of the antifungal proteins was also assessed by 
patch clamp experiments on artificial liposomes obtained by dehydra- 
tion-rehydration as described (4, 25). Experiments were performed ei- 
ther by perfusing a patch excised from a giant liposome with a solution 
containing 10 mM Hepes/KOH (pH 7.2), 50 mM KCl, and antifungal 
proteins or by patch-clamping a liposome in which antifungal proteins 
had been incorporated previously. Proteo liposomes were formed by 
incubating small asolectin liposomes, with or without 20% cholesterol, 
obtained by sonication (1 mg in 300 ^1 of 10 mM Hepes/KOH, pH 7.2, 
and 50 mM KCl) for 1 h in the presence of different amounts of anti- 
fungal protein. The suspension was then centrifuged at 360,000 X gtor 
30 min at 4 °C, and the pellet was resuspended in 15 of 10 mM 
Hepes/KOH (pH 7.2). Dehydration of the pellet, followed by rehydration 
in 10 mM Hepes/KOH (pH 7.2) and 50 mM KCl, yielded giant proteoli- 
posomes (5-10 /Am) amenable to patch-clamp recording. Two /il of giant 
liposome suspension were deposited in a Nunclon plastic tissue dish 
and diluted with 2 ml of bathing solution (10 mM Hepes/KOH (pH 7.2) 
and 50 mM KCl). Patch electrodes, pulled from Pyrex capillaries (Corn- 
ing 7740), were filled with a solution containing 10 mM Hepes/KOH (pH 
7.2). 50 mM KCl, and 0.4 mM CaCl 2 just before use. A Biologic RK 300 
amplifier (Biologic, Claix, France) with a 10 Gil feedback resistor was 
used. Current was recorded and processed as indicated above for planar 
bilayer experiments. 

RESULTS 

Effect of Plant Defensins and Thionins on 45 Ca 2 * Uptake in 
Fungal Hyphae— When administered at 50 ptg/ml to hyphae of 
N. crassa, both Rs-AFP2 and Dm-AMPl caused a drastic in- 
crease in the uptake of 45 Ca 2+ into the hyphae. The increased 
45 Ca 2+ uptake was observed within 1 min after addition and 
reached a plateau after about 30 min at a level which was about 
10 times higher than in the untreated hyphae (Fig. \A). In 
contrast, a-HT added at 50 tig/ 'ml to N. crassa caused a very 
rapid but transient increase of 45 Ca 2+ , which peaked at 1 min 
post-application and subsequently dropped to about the level of 
the control culture after 5 min (Fig. I A). At a subinhibi- 
tory concentration of 0.25 fig/ml, however, a-HT induced a 
rapid and steady elevated 45 Ca 2+ uptake level, whereas 
Rs-AFP2 and Dm-AMPl did not affect 45 Ca 2+ influx at this 
concentration (Fig. IB). 

45 Ca 2+ uptake was also measured 30 min after the addition 
of the antifungal peptides at different concentrations (Fig. 2). 
For Rs-AFP2 and Dm-AMPl, the dose-response curves for the 
increased 45 Ca 2+ uptake followed approximately the hyphal 
growth inhibition dose-response curves. For a-HT, however, 
maximal 45 Ca 2+ uptake was observed at a dose (0.25 tig/ml) 
that is 40-fold lower than that which yields full inhibition of 
fungal growth (10 tig/ml). 

It has been reported previously that divalent cations inhibit 
the antifungal activity of Rs-AFP2 (12), Dm-AMPl (15), and 
a-HT (26). None of these peptides was found to inhibit the 
growth of N. crassa at a concentration of 50 u.g/ml in SMF 
supplemented with 20 mM MgCl 2 . When 20 mM MgCl 2 was 
included in the incubation medium, no increased 45 Ca 2+ influx 
could be detected upon addition of 50 tig/ml of the antifungal 
peptides (results not shown). 

Very similar observations on the 45 Ca 2+ influx caused by 
Rs-AFP2, Dm-AMPl, and a-HT were made when the fungus F 
culmorum was used as a test organism instead of N. crassa. In 
this case, Rs-AFP2 and Dm-AMPl added at 50 /tg/ml caused a 
10- and 14-fold higher 45 Ca 2 ' f uptake relative to the control 
after 30 min, respectively, whereas a-HT caused elevated 
uptake only at subinhibitory concentrations ranging 
from 0.5 to 10 ftg/ml (results not shown). 

Effect of Plant Defensins and Thionins on K + Efflux in Fun- 
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FIG. 1. The effect of plant defensins and thionin on 45 Ca 2+ 
uptake in N. crassa hyphae. Rs-AFP2 (□). Dm-AMPl (A), or a-HT 
(O) was added at either an inhibitory concentration (50 jig/ml; A) or a 
subinhibitory concentration (0.25 tigfrnl; 5) to a suspension of N. crassa 
hyphae (-0.35 mg of biomass/ml) in SMF, and 45 Ca 2+ uptake was 
assayed at different time intervals. 45 Ca 2+ uptake by untreated 
hyphae. Values are expressed as means of four replicates. 

gal Hyphae— At a concentration of 50 /itg/ml, a-HT caused N. 
crassa hyphae to very rapidly release ions into the medium, 
reaching a half-maximal effect after about 2 min without a 
detectable lag period. The kinetics of K + release induced by 
a-HT was similar to that of nystatin, a fungicide known to 
permeabilize fungal membranes (50) (Fig. 3). Both Rs-AFP2 
and Dm-AMPl also caused a substantial efflux of K + , but the 
release of K + started after a lag period of 0.5-2 min and was 
somewhat slower compared to that caused by nystatin and 
thionin (Fig. 3). K + efflux could also be detected when the 
application rates of Rs-AFP2, Dm-AMPl , or a-HT were lowered 
to 10 fig/ml, but not at 1 ftg/ml (results not shown), which is 
consistent with the doses required for causing hyphal growth 
inhibition (see Fig. 2). 

Very similar results were obtained when F culmorum hy- 
phae were used instead of TV crassa (results not shown). Also in 
this case, the K + efflux caused by a-HT followed similar kinet- 
ics as that caused by nystatin and, moreover, was more rapid 
compared to the K + efflux caused by Rs-AFP2 and Dm-AMPl. 
When either CaCl 2 or MgCl 2 was included in the incubation 
medium at 20 mM, no release of K + could be detected upon 
addition of 50 ^tg/ml of any of the peptides to N. crassa hyphae 
(results not shown). 

Effect of Plant Defensins and Thionins on External pH— 
When applied at 50 /xg/ml to N. crassa hyphae, Rs-AFP2, Dm- 
AMPl, and a-HT caused a rapid alkalinization of the medium 
(Fig. 4). This alkalinization was not observed when the pep- 
tides were added to the same medium in the absence of fungal 
hyphae or when either CaCl 2 or MgCl 2 were included in the 
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Fig. 2. The effect of plant defensins and thionin on growth 
inhibition, 45 Ca z+ uptake, and [ 14 C] a-aminoisobutyric acid re- 
lease in TV. crassa hyphae. Dose -response curves of growth inhibition 

( ), 45 Ca 2+ uptake ( ), and ( 14 C)a-aminoisobutyric acid 

{JABA) release ( ) in TV crassa hyphae treated with either Rs-AFP2 

{top), Dm-AMPl {center), or a-HT {bottom) are shown. Values are ex- 
pressed as the means of four replicates. 




Nystatin 
a-HT 



Rs-AFP2 
Dm-AMPl 



Control 

~0 10 20 ^30 40 

Time after addition of protein (min) 

Fig. 3. Effect of plant defensins and thionin on K + efflux in N. 
crassa hyphae. K + efflux into the medium was measured with a 
K"7valinomycin selective electrode after the addition of 50 jig/ml of 
either Rs-AFP2, Dm-AMPl, or-HT, or 100 /ig/ml nystatin. The suspen- 
sion consisted of N. crassa (-0.5 mg of biomass/ml) in 150 ptM unbuf- 
fered Tris and 10 g/liter glucose. Data correspond to one representative 
experiment of three. 
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Fig. 4. Effect of plant defensins and thionin on medium alka- 
linization in suspensions of N. crassa hyphae. The pH of the 

medium was measured after the addition of 50 jig/ml of either Rs-AFP2, 
Dm-AMPl, or-HT, or 100 jig/ml nystatin. The suspension consisted of N. 
crassa hyphae (-0.5 mg of biomass/ml) in 150 ^iM unbuffered Tris and 
10 g/liter glucose. Data correspond to one representative experiment of 
three. 




hyphal suspension at a concentration of 20 mM (results not 
shown). In the case of ct-HT, this alkalinization occurred with- 
out a noticeable lag period and reached a half-maximal re- 
sponse after 1 min. Rs-AFP2 and Dm-AMPl also caused an 
alkalinizatlon of the external medium, starting after a lag 
period of 0.5-2 min, and the kinetics of the alkalinizatlon 
response was slower than In the case of thionin (alkalinizatlon 
proceeded over a period of 5-10 min after the addition of the 
proteins). Changes in the pH of the medium were also detected 
when either Rs-AFP2, Dm-AMPl, or a-HT were added at 10 
Mg/ml but not at 1 jxg/ml (results not shown), which Is consist- 
ent with the doses required for mycelial growth inhibition (see 
Fig. 2). Similar alkalinizatlon effects were also observed on F. 
culmorum with all three antifungal peptides. Also in this case, 
the pH of the medium rose more rapidly when a-HT was 
applied than when Rs-AFP2 or Dm-AMPl were added (results 
not shown). 

To investigate a possible coupling between H + and K + fluxes 
induced in N. crassa by the antifungal peptides, the ratio 
H + :K + was determined after 10 min of incubation in the pres- 
ence of the antifungal peptides. The stoichiometry between the 
H + and K + fluxes, induced by 20 ptg/ml a-HT, was found to be 



1.0 ± 0.1 (mean and standard deviation of three experiments). 
In the case of the plant defensins, a H + :K + ratio of 0.37 ± 0. 1 
(n = 3) and 0.33 ± 0. 12 {/? = 3) was measured upon addition of 
20 fig/m\ of Rs-AFP2 and Dm-AMPl, respectively. 

Effect of Guanidine Nucleotide Analogs on Extracellular pH 
Changes Induced by Plant Defensins and Thionin— As shown 
above, the addition of plant defensins and thionin to fungal 
cultures induces a rapid extracellular alkalinizatlon. This 
readily ass ay able response was used to assess the responsive- 
ness to the antifungal peptides of fungal cultures pretreated 
with guanidine nucleotide analogs to test whether G-proteins 
are involved in the generation of this ion flux. The guanidine 
nucleotides GTPyS and GDP/3S are both inhibitors of G-pro- 
teins, locking G-proteins in a GTP-bound active form and GDP- 
bound inactive form, respectively (27). Both GTPyS and 
GDP0S reduced the Rs-AFP2 induced extracellular alkaliniza- 
tlon by 60% (see Fig. 5) but had only a minor effect on extra- 
cellular alkalinizatlon induced by Dm-AMPl or a-HT. Incuba- 
tion of fungal cultures with ATPyS, a nucleotide analog which 
does not affect G-proteins, had little or no effect on extracellu- 
lar alkalinizatlon induced by plant defensins or thionin. 

Effect of Plant Defensins and Thionins on Membrane Poten- 
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Fic. 5. Effect of plant defensins and thionin on medium alka- 
linization in suspensions of N. crassa hyphae pretreated with 
guanidine nucleotide analogs. The effect of Rs-AFP2 (□). Dm-AMPl 
(11), and a-HT (■) on medium a lkalinization in suspensions of N. crassa 
hyphae pretreated with 100 /iM of the guanidine nucleotide analogs 
GTPyS and GDP/3S, and ATPyS is shown. The nucleotide analogs were 
added 15 min prior to the addition of antifungal peptides. The pH of the 
medium was measured after the addition of 50 /ng/ml antifungal pep- 
tides. Suspensions consisted of N. crassa hyphae (—0.5 mg of biomass/ 
ml) in 150 unbuffered Tris and 10 g/liter glucose. Values are ex- 
pressed as the means of five replicates; bars, S.E. 

tial ofN. crassa— The membrane potential of N. crassa hyphae 
could readily be measured with micro electrodes over at least 60 
min. A frequently encountered problem was, however, that the 
microelectrodes were expulsed from the cytoplasm within 2-5 
min after addition of the antifungal peptides, especially Dm- 
AMPl. This might be due to a gradual loss of cellular turgor, 
possibly due to release. Therefore, effects on membrane 
potential were assessed by impaling microelectrodes in a num- 
ber of hyphae before and 30-60 min after addition of the 
proteins. Resting potentials of untreated hyphae were -175 
mV ± 4 (n = 12) interior negative. Addition of Rs-AFP2 (20 
/jtg/ml) caused a hyperpolarization of the membrane potential 
to - 210 mV ± 7 (n = 8), whereas Dm-AMPl (20 /ig/ml) caused 
a moderate depolarization to - 144 mV ± 6 (n = 8). Treatment 
with a-HT (20 /ig/ml), on the other hand, resulted in complete 
depolarization to -36 mV ± 4 (/? = 5). Although Rs-AFP2 
caused an overall hyperpolarization, membrane potential re- 
cordings of Rs-AFP2-treated hyphae showed characteristic 
trains of transient depolarizing voltage spikes ranging in am- 
plitude from 5 to 50 mV, which appeared after about 5 min (Fig. 
6). Such voltage spikes were not observed on recordings of 
Dm-AMPl or a-HT-treated hyphae (results not shown). 

Effect of Plant Defensins and Thionins on Permeabilization 
of HyphaJ Membranes— Jo test the effect of the antifungal 
peptides on permeabilization of the hyphal membranes, N. 
crassa hyphae were incubated in the presence of the nonme- 
tabolizable 14 C-labeled amino acid a-aminoisobutyric acid. Af- 
ter uptake of this compound, the hyphae were washed and 
treated with the peptides, whereafter release of [ 14 C] a-ami- 
noisobutyric acid was measured. As shown in Fig. 2, Rs-AFP2 
and Dm-AMPl only caused a release of the amino acid at the 
highest concentration tested (100 /xg/ml), which is one order of 
magnitude higher than the minimal concentration required for 
maximal growth inhibition effect a-HT, on the contrary, 
caused a 20- fold increase in isoaminobutyric acid release at 10 
^g/ml or higher concentrations, which coincides with the doses 
required for maximal growth inhibition. 

Pore-forming Activity of Plant Defensins and Thionin on 
Artificial Membranes— The ion channel activity of the antifun- 
gal peptides was assessed by the planar lipid bilayer technique. 
Up to a concentration of 0.6-0.8 pgfml a-HT in the cis com- 



Fic. 6. Effect of Rs-AFP2 on the membrane potential («/r) of N. 
crassa. Membrane potential was recorded while N. crassa hyphae were 
bathing in SMF. Arrow, the time at which the addition of 50 jig/ml of 
Rs-AFP2 occurred. The recording corresponds to one representative 
experiment of five. 

partment, no effect could be observed on an artificial mem- 
brane composed of asolectin. Starting from 1 /xg/ml or above, 
a-HT was able to induce a membrane current, indicating per- 
meabilization of the membrane. The typical electrical activity 
induced by a-HT is displayed in Fig. 7. At 1 /ig/ml a-HT, this 
activity was observed for relatively high values (positive or 
negative) of the membrane potential (above 80 mV or below 
-80 mV). Decreasing the membrane potential abolished the 
activity, and increasing the membrane potential (above + 1 40 
mV or below - 140 mV) increased the activity and invariably 
resulted in rupture of the membrane. However, at a higher 
a-HT concentration (4 /xg/ml), this type of electrical activity 
could be observed even when the membrane potential was kept 
as low as 30 mV. Under these conditions, rupture of the mem- 
brane occurred within 30 s to 2 min after addition of a-HT. At 
a higher membrane potential (120 mV) and at 4 /ig/ml of a-HT, 
rupture generally occurred in less than 30 s. 

In contrast, no such currents were observed when testing 
either Rs-AFP2 or Dm-AMPl. None of the following attempts 
to obtain currents by altering the experimental conditions were 
successful: varying the peptide concentration from 20 to 200 
/xg/ml; altering the pH from 7.4 to 4.8 in the cis chamber; 
altering the lipid composition to either phosphatidylcholine: 
phosphatidylethanolamine:phosphatidylinositol:cholesterol 
(36:32:12:20), which resembles the lipid bilayer composition of 
Af. crassa plasma membranes (28), or to phosphatidylcholine: 
phosphatidylserine:phosphatidylethanolamine:cholesterol (27: 
27:26:20); and adding either bovine serum albumin (10 mg/ml) 
or SDS (0.1 mg/ml) to the cis chamber (data not shown). Ion 
channel activity was also assessed by patch clamp experiments 
on artificial liposomes. Two alternative techniques were ex- 
plored, (a) Giant (proteo)liposomes were prepared in the pres- 
ence of either R-AFP2 or Dm-AMPl at concentrations varying 
from 10 to 100 /xg/mg lipid. These proteoliposomes with differ- 
ent lipid composition (asolectin; asolectin 4- 20% cholesterol; N. 
crassa-llke lipid composition (28)) were tested. In none of these 
proteoliposomes, however, could ion channel activity be ob- 
served upon patch clamp recording (n = 27). {b) Membrane 
patches excised from protein-free liposomes with lipid compo- 
sition resembling N. crassa plasma membranes (28) were per- 
fused with a solution containing 20 /ig/ml of either Rs-AFP2 or 
Dm-AMPl, but again no ion channel activity could be recorded 
(n = 15). It appears, therefore, that Rs-AFP2 and Dm-AMPl 
are not able to form ion-permeable pores in the artificial mem- 
branes tested. 

DISCUSSION 

In the present paper, we have shown that two different 
members of the plant defensin family of antifungal peptides, 
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Fig. 7. Electrical current induced 
by <*-HT in a planar lipid bilayer. 

a-HT was added in the cis compartment 
at the final concentration of 2.5 /xg/ml. 
The cis and the trans compartments both 
contained 100 mM KC1 and 10 mM Hepes/ 
KOH (pH 7.2). The membrane potential 
was 120 mV. Arrow, the zero level cur- 
rent. An increase in membrane current 
corresponds to an upward deflection. 



Rs-AFP2 and Dm-AMPl, induce an array of relatively rapid 
membrane responses in fungi, including Ca 24 " uptake, K + ef- 
flux, alkalinization of the medium, and membrane potential 
changes. Overall, Rs-AFP2 and Dm-AMPl elicit very similar 
responses with similar kinetics, except for their effect on the 
membrane potential. Indeed, Rs-AFP2 caused the membrane 
potential of N. crassa to hyperpolarize by about 40 mV, 
whereas Dm-AMP 1 caused a partial depolarization by about 35 
mV. In fungal hyphae, the membrane potential arises largely 
from active extrusion of H + ions (29, 30). Therefore, the plant 
defensin-induced modifications of the membrane potential of 
N. crassa can originate from a direct or indirect interaction 
with the plasma membrane H + pump, or alternatively, these 
induced alterations of the membrane potential can be the re- 
sult of the triggered ion-fluxes themselves. Since medium al- 
kalinization and Ca 2+ influx on the one hand, and K + efflux on 
the other hand, have opposite effects on the membrane poten- 
tial, it is conceivable that the magnitude of the net ion flux 
induced by either Rs-AFP2 or Dm-AMPl will cause the mem- 
brane potential to either depolarize or hyperpolarize. The mem- 
brane potential measurements on hyphae treated with Rs- 
AFP2 also revealed brief and transient depolarizing pulses that 
were superimposed on the overall hyperpolarized potential. It 
is not known at present how these pulses might be generated. 

We currently have no direct proof for the linkage between the 
hyphal growth inhibition effect and the ion fluxes induced by 
the plant defensins. However, two lines of indirect evidence 
suggest that both phenomena are inseparable, (a) The antifun- 
gal activity of both Rs-AFP2 and Dm-AMPl is inhibited by the 
divalent cations Ca 2+ and Mg 2+ at 20 mM concentrations, 
which also abolish the increased Ca 2+ influx, K + efflux and 
external pH changes, (b) Similar doses of Rs-AFP2 and Dm- 
AMPl are required to induce the ion fluxes as to inhibit fungal 
growth. 

The induced ion fluxes are certainly not the result of growth 
inhibition since treatment of N. crassa hyphae with either 3 mM 
CN" (an inhibitor of electron transport chains) or 5 jxg/ml 
carbendazime (an inhibitor of microtubuli formation) (31) did 
not result in significant variations of [K + ] or [H + ] in the me- 
dium or an Increased Ca 2+ influx, 2 although these compounds 
fully inhibited the growth of N. crassa at the concentrations 
tested (32). 

It is believed that a gradient in cytosolic [Ca 2+ ] generated by 
tip-localized Ca 2H " channels is essential for driving polarized 
growth in fungal hyphae (33, 34). This tip-high calcium gradi- 
ent may orchestrate localized secretion of vesicles containing 
cell wall building blocks via Ca 2+ -dependent effector proteins 
such as annexins (35). In pollen tubes, which like fungal hy- 
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phae grow at their tips, it has been shown that treatments 
resulting in a transient elevation of cytosolic [Ca 2+ ], such as 
photolysis of caged Ca 2+ or ionophoretic injection of Ca 2+ , 
invariably cause transient growth arrest (36, 37). Moreover, a 
good correlation was observed between the level of elevated 
cytosolic [Ca 2+ ] and the extent of growth inhibition (36). It is, 
therefore, conceivable that the sustained increased Ca 2+ influx 
in fungal hyphae treated with plant defensins leads to dissipa- 
tion of the cytosolic [Ca 2+ ] gradient and thus to hyphal growth 
inhibition. 

How exactly the plasma membrane ion fluxes, including the 
Ca 2 " 1 " influx, are generated following interaction of fungal hy- 
phae with plant defensins is currently unknown. However, a 
direct interaction with lipid components of the plasma mem- 
brane, as proposed to explain the antimicrobial effects of insect 
defensins or mammalian defensins (4, 8), is unlikely to be 
involved for several reasons, (a) Proteins that insert in mem- 
branes normally display decreased biological activity at lower 
temperatures. This has been proven to be the case for insect 
defensins and colicin A (4, 24). We have previously pointed out 
that the antifungal activity of plant defensins is either temper- 
ature insensitive or increases at lower temperature (15). {b) 
Plant defensins did not cause ion channel formation when 
added to artificial planar lipid bilayers at relatively high con- 
centrations (up to 200 jig/ml). In addition, attempts to record 
ion channels in artificial liposomes prepared in the presence of 
plant defensins or perfused with plant defensins were equally 
unsuccessful. Under identical experimental conditions, an in- 
sect defensin from Phormia terranovae has previously been 
shown to form ion-permeable channels in liposomes (4). (c) The 
plant defensins only caused increased hyphal membrane per- 
meabilization, as measured by increased [ 14 C]a-aminoisobu- 
tyric acid release from preloaded hyphae, at a concentration of 
100 jig/ml, which is well above the minimal concentration 
required for growth inhibition. Hence, membrane permeabili- 
zation appears to be a secondary effect which only occurs at 
high concentrations, but not the primary cause of hyphal 
growth inhibition. All these data indicate that the ion fluxes 
result from the interaction of the plant defensins with a recep- 
tor that may either transduce a signal to endogenous ion chan- 
nels in the membrane or, alternatively, facilitate insertion of 
the plant defensin into the membrane with subsequent ion 
channel formation. The extracellular alkalinization response 
elicited by Rs-AFP2 could be inhibited by about 60% by the 
G-protein inhibitors GTPyS and GDP0S but not by the inactive 
analog ATP yS. This finding suggests that at least one of the ion 
fluxes generated by Rs-AFP2 is mediated by a G-protein and, 
hence, by an endogenous signal transduction component. On 
the other hand, the guanidine nucleotide analogs had only a 
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minor effect on the alkaiinization response caused by Dm- 
AMP1 and a-HT. 

It is noteworthy that modified ion fluxes have often been 
reported to occur upon interaction of plant cells or protoplasts 
with elicitors of defense responses. For instance, when suspen- 
sion-cultured tobacco cells were treated with a- 1 ,4-D-oligoga- 
lacturonides, a rapid stimulation of K + efflux was induced, 
concomitant with membrane depolarization, alkaiinization of 
the incubation medium, acidification of the cytoplasm, and 
influx of Ca 2+ (38). The addition of elicitins, a family of small 
cysteine-rich fungal proteins secreted by Phytophthora species, 
to tobacco cell suspension cultures caused alkaiinization of the 
extracellular medium and concomitant electrolyte leakage (39, 
40). Both processes occurred within 2-5 min of elicitin addition. 
Furthermore, a A£ 42,000 glycoprotein elicitor from Phytoph- 
thora sqjae and a 13-residue elici tor-active peptide derived 
from the sequence of this glycoprotein were shown to stimulate 
rapid H"7Ca 2+ influxes and K"7C1~ effluxes in parsley cells 
(4 1). These ion fluxes precede the expression of defense-related 
genes and phytoalexin biosynthesis (41) and are thought to be 
mediated by binding of the peptide to a M T 91,000 plasma 
membrane protein (42). In cultured tomato cells, the addition of 
fungus- derived c hi tin fragments and fungal sterols caused 
rapid alkaiinization of the medium that could be suppressed by 
the addition of a protein kinase inhibitor K-252a (43, 44). 
Notwithstanding the fact that a rapid generation of ion fluxes 
across plant cell membranes has been frequently observed dur- 
ing the interaction of plant cells with fungal compounds, noth- 
ing is currently known with certainty about the cellular com- 
ponents in plants which mediate these ion fluxes. It is 
intriguing, however, that plants secrete peptides such as plant 
defensins, which appear to impose similar ion fluxes on fungal 
membranes. 

The stoichiometry of K + and H + fluxes in tobacco cells re- 
acting to either P. syringae or oligogalacturonides has been 
estimated to be approximately 1 H + :l (38, 45). However, 
much lower and more complex stoichiometries (0.17 H + :l K + ) 
have been described for parsley cells treated with a fungal 
glycoprotein (46). The stoichiometry of the K + and H + fluxes 
induced by Rs-AFP2 and Dm- AMP 1 in N. crassa was found to 
be approximately 0.3-0.4. Therefore, it seems unlikely that the 
induced K + and H + fluxes are the result of the activation of a 
simple K + /H + antiport system. Complex kinetics and stoichi- 
ometries may result from coupled or uncoupled events medi- 
ated by diverse membrane components such as the proton 
ATPase, H"7solute co-transporters, and K + channels. 

In the case of the thionin a-HT, the observed changes in ion 
fluxes are somewhat different from those induced by plant 
defensins: 45 Ca 2+ uptake is transient at inhibitory concentra- 
tions and sustained at subinhibitory concentrations; the mem- 
brane potential becomes completely depolarized; K + efflux and 
alkaiinization of the medium occur more rapidly and to a 
higher magnitude when compared to the plant defensins; and 
the stoichiometry between these induced H + and K + fluxes is 
approximately 1 H + :l Furthermore, a-HT was shown to 
cause increased leakage of a-aminoisobutyric acid and to alter 
the electrical properties of lipid bilayers. It is, however, doubt- 
ful that a-HT forms bona fide ion channels in lipid membranes. 
Indeed, no clear evidence could be found for the existence of the 
square-like, more or less correlated fluctuations that are typi- 
cal of endogenous ion channels as well as of pore-forming tox- 
ins. The membrane rupture induced by a-HT was increased at 
high membrane potential but could, nevertheless, be observed 
at low membrane potential if the concentration was raised to 4 
Hg/ml. Wall et aJ. (47) have recently shown that a thionin from 
Pyrularia pubera binds to the surface of artificial membranes 



but does not insert into them. It is, therefore, probable that 
thionins exert their permeabilizing activity by binding to mem- 
branes and disturbing their organization rather than by form- 
ing pores. Membrane permeabilization was also observed in the 
assay based on a-aminoisobutyric acid release from preloaded 
N. crassa hyphae. The dose -dependence of membrane perme- 
abilization by a-HT correlated well with that of antifungal 
activity and showed inverse correlation with 45 Ca 2+ uptake 
measured after 30 min. The inverse correlation of 45 Ca 2 ' f up- 
take and membrane permeabilization was also observed for the 
plant defensins added at relatively high concentrations (100 
jtg/ml). It is possible that 45 Ca 2+ influx requires cytosolic com- 
ponents that are released upon membrane permeabilization. 
Alternatively, the decreased 45 Ca 2+ uptake might be the result 
of increased 45 Ca 2+ efflux from cytoplasm and vacuoles, due to 
overall membrane permeabilization. The fact that thionin 
causes massive uptake of 45 Ca 2 * at subinhibitory concentra- 
tions implies that increased Ca 2+ uptake as such is not respon- ■ 
sible for growth inhibition in this case. Increased 45 Ca 2+ influx 
and membrane depolarization has previously been found to 
occur in mouse P388 cells treated with Pyrularia thionin (48). 
It is also well documented that thionins cause leakage of 
and other compounds from yeast cells (26) and mammalian 
cells (49). 

All these data are consistent with the notion that thionin 
affects growth of filamentous fungi mainly by causing mem- 
brane permeabilization, most probably due to the binding to 
the membrane surface and the disturbance of its organization 
rather than to the formation of pores. Furthermore, the inter- 
action between thionins and fungal cells also leads to secondary 
effects such as the influx of Ca 2+ , which may possibly result 
from the activation of an endogenous Ca 2+ channel. 
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rise in intracellular Ca2+, the uptake of propidium iodide, and the 
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the laurdan emission caused by the thionin were not affected by the 
cobalt. Furthermore, incubation of the cells with the calcium ionophore 
A23187 also caused the cells to become susceptible to PLA2. We hypothesize 
that thionin causes S49 cell membranes to become susceptible to PLA2 by a 
Ca2+-dependent perturbation of the bilayer structure. 
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Antifungal activity of the small and large 
subunit of 2S albumins. 

The small . . . 

. . . antifungalef f ect on F 

culmorum was assessed for combination between 
oxidised SS or LS and a- purothionin by using the 
same approach as described in Example 7. The 
results of these experiments... 

...SYNERGISTIC ANTIFUNGAL EFFECT ON FUSARIUN CULNORUN OF CONBINATIONS BI 
OXIDISED SS OR LS AND W- PUROTHIONIN 

Test protein IC 50 of a- purothionin , og/ml (Synergism Factor) 
Nedium A Medium B 

Test protein cone. Test protein cone. 
(Pg. . . 

. . . LS (though to 

a much lesser extent) are able to potentiate the 
activity of a.- purothionin , A synergism factor of 
up to 33 could be obtained when oxidised SS was 
added at 10 pg/ml to a lution of a.- purothionin 
and assayed in medium A. In medium B a synergism 
factor of 2 was measured. .. 14576-14581) and also 
exert antifungal activity and display the 
synergistic effect with the a- purothionin (see 
Examples 5 and 10) , this substitution is not 
believed to affect nor the antifungal... 
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Detailed Description 

buffer containing 10 MM NaH 2POV 15 mm 
Na2HPO 41 100 MM KC1, 2 MM EDTA , 2 MM thiourea, 1 MM 



PMSF and 1 mg/1 leupeptin. The homogenate was 

squeezed. . .buffer contained 200'mM TriS-HCl (pH 8*3) , 1% (w/v) 
SDSI I mM EDTA , 0,005% bromophenol blue and, unless 
otherwise stated, 1% (w/v) dithiothreitol (DTT) , 
Proteins were . . . 

. . .6 M 

guanidinium-Cl containing 100 mM sodium phosphate 
buffer (pH 7) and I mM EDTA , The mixtures were 
allowed to react with 5, 51-dithionitrobenzoic acid 
and monitored for release .. .AMP1 nor 
Ac -AMP 2 affected cell viability after 24 h of 
incubation. In contrast , A- purothionin 
administered at 50 pg/ml decreased the viability of 
both cell types by more than. . . 
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Detailed Description 

extraction buffer containing 
10 mM NaH2POV 15 mM Na 2HP041 100 mM KC1 . 2 mM EDTA , 2 mM 
thiourea, I mM PMSF and 1 mgll leupeptin. The homogenate 
was squeezed through ... buff er contained 200 mM Tris-HCI (pH 8.3), 1% 
(w/v) SDS, I mM EDTA , 0.005% bromophenol blue and, unless 
otherwise stated, 1% (w/v) dithiothreitol (DTT) . Silver 
staining. . .dioica agglutinin 

or UDA (Broekaert, WF et al; 1989; Science, 245, 1100-1102) 
and 0- purothionin (Hernandez-Lucas, C et al; 1974; Appl 
Microbiol, 28, 165-168). Fungi were grown on... 
... as previously 

described (Peumans, Wi et al; 1983; FEBS Lett, 177, 
99-103) . The 0- purothionin was purified from wheat 



endosperm by the method of Redman, DG and Fisher, N (1969... 

...Table 2 summarises the results. Serial dilutions of 

Mj-AMPl, Mj-AMP21 UDA and 0- purothionin were applied to 
fungi and the percent growth inhibition measured by 
microspectrophotometry (as described in... 20 jig/ml for 
Mj -AMP2 . from 0.5 to 15 jig/ml for a- purothionin , and from 
20 to over 1,000 /ig/ml for UDA depending on the test... 

...on an average basis the obtained antifungal 

activity series is as follows: Mj -AMP2 = 0- purothionin > 
Mj-AMPl > UDA, Some fungi, such as B cinerea, C 
lindemuthianum and V inaegualis, are clearly more sensitive 
to Mj-AMP2 than to 0- purothionin . Conversely, the latter 
protein is most effective in deterring growth of other 
fungi such as . . . 

. . . time-dependent 

drop in antifungal activity, however, was less pronounced 
for Mj -AMP2 and P- purothionin than for Mj-AMPl or UDA. 

ALsor Mj-AMP2 and 0- purothionin characteristically produced 
steeper dose-response curves than Mi-AMPl or UDA. Figure 5 
shows the . . . 

...and B) , Mj -AMP2 (panels C and D) , UDA (panels E 

and F), and a- purothionin (panels G and H) . The percent 

growth inhibition was recorded after 48 h ( 0 0. . .positive and 

gram-negative 

bacteria: Bacillus megaterium, Sarcina lutea, Escherichia 
coli and Erwinia carotovorao A- purothionin and UDA were 
also tested for comparison (see Example' 7) . Tests were 
performed in soft... 

. . .hours, Results 

are shown in Table 6. 

TABLE 6 

Antibacterial activity of Mj-AMPs, 9- purothionin and UDA 
Bacterium IC 50 (/Jg/ml) 
Mj-AMPl Mj -AMP 2 13-pt UDA 
MEDIUM... 
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Detailed Description 

human inter-alpha 
trypsin inhibitor (58AAF 3 -SS-), crambin (46 AA; 3 -SS-)f 
alpha purothionin (45 AA; 4 -SS-) , beta purothionin (same) , 
human secretory leukocyte protease inhibitor (107 AA; 8 -SS 
30 ), hen egg-white lysozyme . . . of 0,1 to 12% by weight. 

The composition may comprise a humectant, such as 

polyethylene glycol, ethylene glycol, sorbitol, glycerol,, 
propylene glycol, 1,3-butylene glycol, xylitol, maltilol, 
lactitol, and the like ... tablet may optionally be coated with a 
coating material such as waxes, shellac, carboxymethyl 
cellulose, polyethylene /maleic anhydride co-polymer or 
Kappacarrageenan to further increase the time it takes the 
tablet. . . 
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... USA 75:5827-5830). Other thioredmin-like peptides include the 
class of seed proteins called purothionins that have intrinsic 
thioredcLdn-like activity (Wada, K and Buchanan, B.B. [1983] in 
! Thioredoxins . . . 5 ml aliquots in -200C in 0,5M Tris, pH 7.4 with 1 mM 
EDTA . 

Thioredcodn protein is assayed immunologically using quantitative rocket 
immuncelectrophoresis , as described in McEvoy et al ... column equilibrated 
with OAM Tris, pH 7.5, containing 0 . 5M NaCl and 1 mM EDTA . 

The column was washed with two column volumes of the equilibrating buffer 
containing 2M urea... 

...x 25 cm column of Sephadex"m G 40 equilibrated with 0.05M Tris, ImM 
EDTA , pH 7.4 (TE buffer). The 0 . 3 ml fractions collected were monitored 



at 280. ..7% (w/w) cammonium bisulfite, 4.65% (w/w) ethanol, and 0.6% 

(w/w) polyoxyethylene (23) lauryl ether. The pH was adjusted to 7 . 5 with 

ammonium hydroxide. AU dilutions ... 30, 0 

Sodium carbonate glycinate 5eO 

Ammonium thioglycollate or 

thiolactate (50% aqueous 

soln) 3,0 

EDTA (disodium salt) 0,3 
Sodium p-hydroxybenzoate 
methyl ester 0,05 
Monoethanolamine 10 
Imidazoline. Os2 . . . 
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...ABSTRACT: chicken [OMCHI3(-)] and from chachalaca [OMCHA(-) ] , as well as 
. alpha. 1-, .alpha. 2-, and .beta.- purothionin . At this excitation 
wavelength interference from phenylalanine is minimized, and it is 
possible to determine... 

...kcal/mol were found for OMCHA3(-) and for .alpha. 1- (or . alpha . 2- ) and 
.beta.- purothionin , respectively. The intensity of the 1176-cm-l .nu.9a 
band of Tyr excited at... 

...correlate strongly with the estimated H-bond enthalpies, but large 
deviations are seen for the purothionins , reflecting a special 
environment for the Tyr residue of these proteins, which is believed to 



. . .phenylalanine in aqueous solution is about half the value observed in 
most proteins. Addition of ethylene glycol to aqueous phenylalanine 
increases the intensity, which attains a value similar to those seen... 
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...poly-D-Lysine HBr, Mastoparan, Defensin NPl, Cathepsin G, Lysozyme, 
a-hordothionin, b-hordothionin, b- purothionin , Stinging nettle lectin 
Crotamine, Melittin, Eosinophil major basic protein and Eosinophil 
cationic protein. 
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chelating the Fe(sup 3) (sup... or one that is readily soluble can be 
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(Carbowaxes) can serve as the vehicle. 



For intranasal instillation, fluid unit dosage forms are... USA, 75, 
5827-5830) . Other thierodoxin-like peptides include the class of seed 
proteins called purothionins that have intrinsic thioredoxin-like 
activity (Wada, K. and Buchanan, B.B. (1983) in "Thioredoxins . . . show that 
thioredoxin chelates iron with an affinity comparable to or better than 
that of EDTA . Similar results were also observed with copper. 
Example 4 

Upon substituting the thioredoxin in Examples... 
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Example 6 

Thioredoxin was compared to several iron chelators (i.e., EDTA and 
desf errioxamine) in its ability to prevent radical formation. The iron 
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. . .M inhibited all catalytic activity of the iron in that no formaldehyde 
was detected, whereas EDTA at 250 (mu)M gave a rate of 7 . 1 (+-) 0.8 
nmols formaldehyde/30. . . 

. . .nmols of formaldehyde/30 min. Thus thioredoxin behaves as 

desf errioxamine in inhibiting radical formation whereas EDTA cannot. 
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an iron-catalyzed. . . 
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..SPECIFICATION USA, 75:5827-5830). Other thioredoxin-like peptides 
include the class of seed proteins called purothionins that have 



intrinsic thioredoxin-like activity (Wada, K. and Buchanan, B.B. (1983) 
in "Thioredoxins. . . YM10 filter (Amicon, Danvers, MA). The buffer was 
exchanged with 50 mM Tris, 3 mM EDTA , pH 7.4 by diluting and 
concentrating the sample. The sample was stored at 4... enzyme in 0 . 1 M 
Tris, pH 7.4 or 9.0 with 1 mM EDTA containing various amounts of 
thioredoxin shuff lease or thioredoxin. At various - times aliquots were 
assayed and. . . 

.diluting the inactive RNase into 0.1 M Tris, pH 7 . 4 with 1 mM EDTA 
containing various amounts of thioredoxin shuff lease and/or reduced DTT. 
At various times aliquots were...6X SSC (IX SSC = 0.15 M NaCl, 0.015 M 
sodium citrate, 1 mM EDTA ) and 10X Denhardt's solution (100 X - 2% 
bovine serum albumin, 2% ficoll, 2% polyvinyl ... Reduced and Denatured 
RNase 
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. . .denatured ribonuclease than is thioredoxin. 

At pH 7.4 (0.1 M Tris, 1 mM EDTA ) thioredoxin shufflease 
significantly increased the rate of refolding as compared to air 
oxidation. The time. . . 



. . . said protein. 
Example 18 

At pH 8.5 (0.1 M Tris, 1 . 0 mM EDTA ) thioredoxin shufflease increased 
the rate of reactivation of scrambled RNase as compared to air oxidation 
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..SPECIFICATION USA, 75, 5827-5830). Other thioredoxin-like peptides 
include the class of seed proteins called purothionins that have 
intrinsic thioredoxin-like activity (Wada, K. and Buchanan, B.B. (1983) 
in "Thioredoxins . . .by diluting the reduced enzyme in 0.1M Tris, pH 7.4 
with 1 mM EDTA containing various amounts of thioredoxin and/or 
oxidized DTT. At various times aliquots were assayed... 



...diluting the reduced enzyme in 0.1 M Tris, pH 7.5 with 1 mM EDTA to a 
final concentration of 340 (mu)g/ml. Oxidized thioredoxin (100 (mu)M: was 
...pH 7.5 or 0.05 M Tris, pH 9.0, each containing 1 mM EDTA . The 
regenerating system consisted of a catalytic amount of thioredoxin 
reductase and an excess ( 1 ... diluting the inactive RNase into 0.1 M Tris, 
pH 7.4 with 1 mM EDTA containing various amounts of oxidized 
thioredoxin preincubated with reduced DTT 30 min prior to addition... 
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